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ABSTRACT 
 Wound healing in the corneal epithelium is an essential process to maintain corneal 
clarity and organism health.  The earliest events of cellular injury response include the 
release of nucleotides and the activation of P2 purinergic receptors.  While the purinergic 
receptor P2X7 has been shown to promote cell migration, its role in corneal epithelial 
wound healing is still poorly understood.  The goal of this work is to better understand 
the role of P2X7 in the injury response.  We analyzed P2X7 expression after epithelial 
injury in rat corneal organ cultures and found that the receptor localizes to the leading 
edge of the corneal epithelium.  However, overall mRNA and protein expression of P2X7 
decreased after injury.  Inhibition of P2X7 activation significantly delayed wound closure 
and prevented the leading edge-localization after injury.  We found that P2X7 inhibition 
altered the wound-induced calcium wave in epithelial cells and altered the number and 
distribution of focal adhesions in the migrating cells.  Live cell imaging of epithelial cells 
showed that P2X7 inhibition led to altered actin rearrangement, with thick actin bundles 
in the treated cells.  In order to determine the importance of P2X7 in epithelial 
differentiation and stratified cell migration, we developed a stratified culture model. The 
cells in the stratified model expressed proliferative and differentiation markers similar to 
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organ cultured corneas, as well as similar P2X7 expression and localization after injury.  
Together, these results show the importance of P2X7 in the overall purinergic response to 
injury, and provide tools to study P2X7 in stratified corneal cell migration. 
 To determine if P2X7 may contribute to pathologic delayed wound healing in 
diseases such as type 2 diabetes, we analyzed P2X7 expression in diabetic human corneas 
and diabetic model rodent corneas.  We showed that P2X7 expression is significantly 
elevated in unwounded diabetic corneas, and that wound healing is delayed in the rodent 
model.  These data show that elevated P2X7 expression may contribute to the delayed 
healing in disease and may be a possible therapeutic target. 
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CHAPTER ONE: Introduction 
 
 Epithelial wound healing is an essential biological process that is required to maintain 
tissue barriers and protect organisms from pathogen infections (Wilson et al., 2001).  The 
corneal epithelium is an especially vulnerable tissue because of its environmental 
exposure and yet it plays a critical role in vision.  Therefore, the study of mechanisms of 
proper wound healing in the corneal epithelium is important not only for organismal 
health, but for clear vision and quality of life. 
 There are several stages of corneal injury repair: the immediate response, cell 
migration, and cell proliferation.  The immediate response involves the release of factors 
from injured cells and the transmission of the signals to initiate the injury response.  
Next, cells become motile, and migrate over the injury area to re-establish the epithelial 
barrier.  Finally, cells proliferate to re-establish the multilayered epithelium and return to 
a pre-wounded state (Lu et al., 2001; Suzuki, 2003).  While each of these responses is 
important in the overall quality of wound healing, the immediate response is crucial 
because it initiates the downstream signals for subsequent stages.  Our research is focused 
on these early events immediately following injury, and the initiation of cell migration to 
close the wound. 
 One of the earliest responses to injury is the release of nucleotides such as ATP from 
injured cells to the extracellular milieu (Klepeis et al., 2001).  Released nucleotides 
stimulate purinergic receptors resulting in an intercellular calcium wave propagating from 
the site of injury.  Our laboratory, as well as others', have demonstrated the importance of 
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released ATP and the calcium wave after injury in initiating cell migration (Klepeis et al., 
2001; Weinger et al., 2005; Yin et al., 2007).  While the importance of purinergic 
receptors in the response is well established, the roles of individual receptors are less well 
known.  In order to better treat pathologic wound healing defects and improve patient 
outcomes, a more complete understanding of the epithelial wound response and the roles 
of individual purinergic receptors is required. 
 
1-1: Wound Healing in the Corneal Epithelium 
Structure and function of the eye 
 The eye functions to translate light into neuronal signals, which are transmitted to the 
brain and interpreted as visual images.  The eye allows organisms to visually interact 
with the outside environment and respond to stimuli (Jakus, 1961).  The focus of these 
studies is the cornea, which is the most anterior tissue of the eye.  The cornea is avascular 
and clear, and is surrounded by blood vessel-containing conjunctival cells in the sclera 
(Jakus, 1961) (Figure 1-1A).  As light passes into the cornea, it is refracted.  The lens 
then further refracts and focuses light onto the retina, which contains light-sensitive 
receptors.  These receptors translate the light into signals that are transmitted to the brain 
through the optic nerve (Jakus, 1961). 
 
Structure and function of the cornea 
 The primary functions of the cornea are to form a barrier to protect the eye from 
outside pathogens, and to refract light as it enters the eye.  The refracted light is focused  
!! 3 
 
Figure 1-1: Structure of the eye and cornea. 
A: Diagram of the eye.  B: Diagram of the cornea. !  
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by the lens onto the retina.  Though the lens refracts and focuses light, the cornea 
accounts for 70-80% of total light refraction (Jakus, 1961).  Therefore, for the health of the 
organism, the cornea must be both an effective epithelial barrier and an optically clear 
tissue. 
 The cornea is composed of several cell types in three distinct layers with two 
basement membranes separating the cell layers (Figure 1-1B).  The corneal epithelium is 
a 5-7 layer pseudo-stratified epithelium of cells that are fed through diffusion from the 
blood vessels in the conjunctiva, as well as through tear fluid that baths the apical 
surface.  The basement membrane is normally composed of matrix proteins such as 
collagen IV, laminin, and perlecan (Trinkaus-Randall, 2000).  The corneal stroma, which 
accounts for 50-80% of the total thickness of the cornea, is a largely cell-free layer 
composed of collagens I and V and maintained by sparse neural crest-derived keratocytes 
and a diffuse distribution of heterogeneous dendritic cells.  The clarity of the cornea is 
largely due its avascularity, the organized alignment of collagen fibers, and the 
distribution of small leucine repeating proteoglycans.  Without the intricate arrangement 
of matrix molecules in the stroma, optical clarity is lost.  In humans, cows, and birds, 
there is a cell-free region at the anterior of the stroma called the Bowman’s membrane 
(Bettman, 1970).  This layer is absent in rodents and other organisms, though, and its 
function remains unclear (Wilson and Hong, 2000).  Descemet’s membrane is the 
basement membrane defining the posterior side of the stroma, and is composed of 
fibronectin, collagen IV, laminin and sulfated proteoglycans, similar to the epithelial 
basement membrane.  Finally, the corneal endothelium is a single cell layer that 
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delineates the posterior side of the cornea and primarily functions to regulate fluid flow 
keeping the stroma properly hydrated (Baum et al., 1984).  Interestingly, it is one of the 
few endothelial tissues in the body that is avascular. 
 Other cell types resident in the cornea include nerves and immune cells.  Corneal 
nerves derive from the trigeminal nerve.  Sensory corneal nerves innervate the stroma in 
unmyelinated bundles that are parallel to collagen fibers, and extend processes through 
the epithelial basement membrane and into the basal epithelium as free nerve endings 
(Müller et al., 1996; 2003).  The high density of nerve endings accounts for the high 
sensitivity of the corneal epithelial surface.  In addition, heterogeneous dendritic cells 
reside in the stroma, and infiltrate from the conjunctiva when stimulated by injury or 
infection (Hamrah et al., 2003). 
 
The corneal epithelium 
 The corneal epithelium is an essential layer of the cornea and is responsible for 
barrier function as well as contributing to corneal clarity.  Epithelial cells continuously 
turn over and the entire epithelium is replaced every 7-10 days.  Corneal epithelial cells 
do not undergo apoptosis in their normal life cycle, but are instead sloughed off from the 
apical surface by the shear forces created by eyelid blinking (Hanna et al., 1961). 
 Epithelial stem cells are localized in the limbal region, a thin ring of cells around the 
corneal periphery which is adjacent to the conjunctiva (Daniels et al., 2001; Schermer et 
al., 1986) (Figure 1-2).  Limbal stem cells divide slowly (Cotsarelis et al., 1989) and 
migrate centripetally (Auran et al., 1995; Collinson et al., 2002; Nagasaki et al., 2003).   
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Figure 1-2: Schematic showing location of corneal epithelial stem cells. 
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Basal cells move gradually toward the apical cornea by losing their adhesions to the 
basement membrane and altering receptor expression (i.e., integrins) on their cell surface, 
becoming “wing” cells.  Wing cells then migrate apically and flatten and become the 
apical cells that are sloughed off into tear fluid by blinking shear force (Hanna et al., 
1961) (Figure 1-2).  The apical cell barrier is maintained by a tight junction complex 
(Klyce, 1972), and thus the cornea is not stimulated by factors released in tears (Zieske et 
al., 2000).  This is necessary for the epithelium to maintain a defined thickness and 
remain in a relatively "quiet" state even though there are many growth factor receptors 
present in the cornea. 
 The corneal epithelial cells can be grouped by expression of keratin proteins; in fact, 
differential keratin expression is how the cells were first classified.  Keratins tend to be 
expressed in pairs, an “acidic” keratin and a “basic” keratin (named by their overall 
charge).  Much of the work identifying keratin pairs and expression levels has been 
performed in the lab of Dr. Tung-Tien Sun (Cooper and Sun, 1986; Eichner et al., 1984; 
1986; Sun et al., 1983).  In the corneal epithelium, keratin 5 and keratin 14 are expressed 
in undifferentiated cells (Nelson and Sun, 1983), while keratin 3 and 12 are expressed as 
cells differentiate and stratify (Chaloin-Dufau et al., 1990; Schermer et al., 1986). 
 In addition to keratins, recent studies have identified p63, a p53 family member 
protein, as an important regulator of epithelial cell differentiation.  p63 is expressed in the 
epithelial limbus and basal cells (Yang et al., 1998).  The level of p63 expression has 
been linked to its proliferative and differentiation ability.  Arpitha and colleagues 
reported that limbal cells expressed higher p63 levels than other epithelial cells (Arpitha 
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et al., 2005), while Senoo and colleagues demonstrated that p63 expression was 
indicative of the cells’ proliferative potential (Senoo et al., 2007).  Indeed, p63 may 
directly contribute to the cells' ability to differentiate and stratify, as Koster and 
colleagues showed that stratified epithelia require p63 expression (Koster et al., 2004).  
Additional studies by Carroll and colleagues support this hypothesis by showing that loss 
of p63 induces cell detachment while overexpression of p63 resulted in higher expression 
of β4 integrin (Carroll et al., 2006). 
 
Corneal epithelial wound healing 
 The process of epithelial wound healing after injury is essential for maintaining health 
of tissue.  The corneal epithelium is routinely damaged due to its exposed location, and 
epithelial wound healing is therefore an important and common process.  When the 
epithelium is damaged or lost, the tight junctions are disrupted and cell migration ensues 
(Hutcheon et al., 2007; Suzuki, 2003).  Repair of an epithelial abrasion does not involve 
proliferation if the limbal cells are not involved (Chen and Tseng, 1990; Cotsarelis et al., 
1989; Hanna et al., 1961; Lavker et al., 1991).  The epithelial cells migrate by forming a 
thin sheet of one or a few cell layers until they make contact with the migrating cell sheet 
on the opposing side of the wound.  Once the cells close the wound, proliferation 
resumes, and the multilayered epithelium and junctions in the cornea are restored (Figure 
1-3).  Epithelial wound repair generally occurs rapidly with wounds closed within 24-48 
hours (depending on the size of the wound) and the multilayered epithelium is typically 
restored within 7-10 days after injury (Hanna, 1966). 
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Figure 1-3: Schematic of corneal epithelial migration during wound healing. 
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 The immediate response after injury is critical in initiating the signaling pathways 
required for migration and proper wound healing.  This response includes the release of 
nucleotides from injured cells and subsequent calcium wave propagation from the wound 
site to neighboring cells.  The nucleotide release is crucial for both epithelial and nerve 
wound repair, as studies have shown a complete loss of response and migration after 
injury in the presence of apyrase, a nucleotidase (Klepeis et al., 2001; Weinger et al., 
2005; Yin et al., 2007). 
 
Corneal wound healing in diabetes 
 Diabetes mellitus (hereafter referred to as diabetes) is one of the most prevalent 
diseases that affect corneal wound healing (Brem and Tomic-Canic, 2007).  Diabetes is a 
metabolic disease characterized by high blood glucose; the disease was named for the 
high glucose levels detected in the urine of patients (Dobson, 1776).  There are two types 
of diabetes: type 1 (autoimmune) and type 2 (metabolic).  Type 1 diabetes is 
characterized by an autoimmune response that targets and kills pancreatic β-cells that 
produce insulin.  Insulin stimulates the uptake of blood glucose into muscle and inhibits 
gluconeogenesis in the liver, so the loss of insulin leads to an inability to control blood 
glucose levels.  Type 2 diabetes is an acquired disease where persistently high levels of 
insulin lead to a loss of insulin sensitivity.  Thus, insulin signaling decreases despite high 
levels of insulin (Patlak, 2002).  While these types have different underlying causes, 
some of the pathologies are the same in the cornea.  In particular, both type 1 and type 2 
diabetic patients frequently develop recurrent corneal erosion, a defect in epithelial 
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wound healing that leads to an incomplete epithelial barrier and exposed epithelial 
nerves.  Many also develop a neuropathy, or a loss of sensation (Friend and Thoft, 1984; 
Friend et al., 1982; Schultz et al., 1981). 
 One of the changes in diabetic corneas that has been reported is a thickening and 
altered composition of the epithelial basement membrane (Chikama et al., 2007; Friend et 
al., 1982; Ljubimov et al., 1996; Taylor and Kimsey, 1981).  This thickening has been 
reported as a “doubling” in some cases (Ljubimov et al., 1996) where the protein 
composition and organization is retained, and an "alteration" in others where composition 
is altered and organization is lost.  Other reported differences in diabetic corneas include 
altered glycosylation of proteins (McDermott et al., 2003) and deposition of 
inflammatory advance glycation end products (AGE) (Kaji et al., 2000).  However, the 
underlying causes of recurrent corneal erosion are elusive: diabetic corneas maintain a 
proper epithelial barrier until injury; it is after injury that complications arise.  Therefore, 
the described differences in basement membrane may be effects rather than causes of 
defective epithelial wound healing. 
 
1-2: Nucleotides and Purinergic Receptors 
 Nucleotide triphosphates such as ATP (Figure 1-4), in addition to being an energy 
source, have been extensively described as signaling molecules (Burnstock, 2006a).  Dr. 
Burnstock and colleagues spent many years demonstrating the role of nucleotides and 
nucleic acid bases as ligands for purinergic receptors (Abbracchio and Burnstock, 1998).  
Once released, ATP and other nucleotides can be degraded to ADP, AMP, and adenosine  
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Figure 1-4: Chemical structures of nucleotide triphosphates. 
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by ectonucleotidases in the plasma membrane.  Since ADP, AMP, and adenosine can be 
signaling molecules on their own, the expression of ectonucleotidases control purinergic 
receptor stimulation and signaling.  The P1 class purinergic receptors are called 
adenosine receptors by their ligand.  In the corneal epithelium they do not appear to play 
a role in the corneal wound response (Yang et al., 2004).  The purinergic P2 receptors are 
diverse and encompass a large family of transmembrane receptors with the commonality 
of the ligand.  P2 purinergic receptors will be discussed further below. 
 
Effects of nucleotide release 
 The release of nucleotides into the extracellular milieu can elicit a number of 
responses in different cell types depending on the context.  Extracellular ATP was first 
described as a neurotransmittor responsible for non-adrenergic inhibition of intestinal 
smooth muscle cells by Burnstock and colleagues (Burnstock et al., 1970).  Initially, 
these finding were met with skepticism (Burnstock, 2006b) but ATP has subsequently 
been recognized as an important signaling molecule in such pathways as immune cell 
maturation, gradient for neutrophils, and cell migration. 
 ATP is a danger signal that stimulates inflammatory activity and promotes immune 
cell activation.  ATP release has been shown to be important in αβ (Baricordi et al., 
1996; Schenk et al., 2008; Woehrle et al., 2010b; Yip et al., 2009) and γδ (Manohar et 
al., 2012) T cell activation and maturation.  In addition, ATP promotes the pro-
inflammatory TH17 cell lineage (Atarashi et al., 2008; Schnurr et al., 2005) and inhibits 
the formation of anti-inflammatory Treg cells (Schenk et al., 2011).  Finally, ATP is an 
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important activator of the Nacht, LRR, and PYD domains-containing protein 3 (NALP3) 
inflammasome complex (Junger, 2011), which can lead to macrophage activation and cell 
apoptosis.  ATP is also an important signaling molecule that promotes health and 
survival.  It mediates microglial response to local brain injury in vivo, demonstrating the 
importance of ATP in mediating a wound response (Davalos et al., 2005).  In addition, 
ATP release was necessary for human neutrophil chemotaxis (Chen et al., 2006).  
Nucleotide release and P2 receptor signaling are required to stimulate wound-induced 
calcium transients.  For example, the presence of apyrase abolishes the calcium response 
to injury (Klepeis et al., 2001) and downregulation of specific P2 receptors decrease Ca2+ 
mobilization in corneal epithelial cells (Boucher et al., 2010).  Activation of P2 
purinergic receptors by nucleotides causes increased phosphorylation of adaptor proteins 
and focal adhesion kinases (Kehasse et al., 2013; Lee et al., 2014).  Takai and colleagues 
showed that release of ATP increased motile activity of human lung cancer cells (Takai et 
al., 2014; 2012).  In other studies, ATP-binding purinergic receptors have been proposed 
as targets for invasive cancer cells (Greig et al., 2003).  Immediately after injury to 
epithelial cells, there is a release of nucleotides into the extracellular space (Klepeis et al., 
2001; Yin et al., 2007).  These changes mediate signaling events that regulate migration, 
demonstrating the critical role of nucleotide signaling in cell migration. 
 
Mechanisms of nucleotide release 
 Because of the importance of extracellular nucleotides, the mechanisms of release are 
of great interest.  Nucleotides can be released by cells in a number of ways: in addition to 
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mechanical damage and cell lysis, nucleotides can be released in regulated pathways such 
as vesicular release, through active ATP-binding cassette (ABC) transporters, or through 
passive hemichannels in the plasma membrane. 
 Nucleotide release was first described as a neurotransmittor (Burnstock, 1972), and 
regulated ATP release was shown to occur through the same synaptic vesicle release as 
other neurotransmittors.  Vesicular release in neurons was shown to depend upon calcium 
transients in response to stimuli (Bodin and Burnstock, 2001). More recently, vesicular 
release has been shown to occur through the SLC17 transporter family (Sawada et al., 
2008) and been shown to be important in T cell activation (Tokunaga et al., 2010) and 
epithelial cell migration (Takai et al., 2012). 
 Active transport of nucleotides has been demonstrated with the description of the 
ATP-binding cassette (ABC) protein family (Abraham et al., 1993; Higgins et al., 1988; 
Schwiebert, 1999).  ATP can also be released through activation of stretch-activated 
channels (Knight et al., 2002). 
 Finally, connexin or pannexin hemichannels have been implicated in regulated 
nucleotide release.  Connexins are transmembrane proteins that form hexameric 
hemichannels called “connexons.”  Two connexons on adjacent cells can form gap 
junctions and connect the cells’ cytoplasms, and will be discussed in further detail below.  
Pannexins are related proteins that form hemichannels (“pannexons”) but not gap 
junctions due to glycosylation on pannexins.  Both connexin hemichannels (Chi et al., 
2014; Kang et al., 2008; Schock et al., 2008) and pannexin hemichannels (Qu et al., 
2011; Schenk et al., 2008; Woehrle et al., 2010a; Zhang et al., 2012) have been shown to 
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be the ATP release channel in different cell types (Baroja-Mazo et al., 2013; Dahl et al., 
2013). 
 
P2 purinergic receptors and intracellular calcium  
 Once released, extracellular nucleotides are bound by P2 purinergic receptors that 
mediate downstream signaling through intracellular calcium.  The P2 class of purinergic 
receptors are subdivided into P2Y receptors, which are G protein-coupled receptors that 
cause an increase in intracellular calcium via IP3-mediated signaling, and P2X receptors, 
trimeric ion channels that gate calcium and other ions from the extracellular 
medium(Abbracchio and Burnstock, 1998). 
 
Calcium is a secondary messenger of purinergic receptors 
 The resting levels of calcium in the cytoplasm are low compared with endoplasmic 
reticulum (ER) stores and the average extracellular milieu (Figure 1-5).  Cytoplasmic 
resting calcium levels average 100nM.  In comparison, calcium ion concentration in the 
extracellular space is in the millimolar range (1-2mM) and ER calcium levels also 
approach millimolar range (Clapham, 2007).  These values show that there is 
approximately a 10,000-fold difference in calcium concentration across membranes in the 
cell.  This difference explains why calcium is such a potent and universal signaling 
molecule. 
 For cells to be able to respond to stimuli, the low calcium concentration must be 
constantly maintained.  This is accomplished by pumping calcium against its  
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concentration gradient using energy from ATP hydrolysis.    Smooth endoplasmic 
reticulum calcium ATPase (SERCA) pumps transfer calcium from the extracellular space 
into the ER lumen, and plasma membrane calcium ATPase (PMCA) pumps transfer 
calcium out of the cytoplasm into the extracellular space.  Sodium-calcium exchanger 
(NCX) pumps also maintain cytoplasmic calcium levels by exchanging intracellular 
calcium for extracellular sodium ions (Philipson et al., 1993; Reuter, 1991). 
 
P2Y purinergic receptors 
 P2Y receptors bind extracellular nucleotides and signal through a universal GPCR 
pathway: bound Gα proteins, once active release Gβγ dimers.  The Gβγ dimer activates 
phospholipase C (PLC) proteins, which cleave phosphoinositol (4,5) diphosphate (PIP2) 
into diacylglycerol (DAG) and cytosolic inositol (1,4,5) triphosphate (IP3).  DAG can 
activate enzymes such as protein kinase C (PKC), while IP3 stimulates receptors which 
reside in the ER and sarcoplasmic reticulum (SR) membrane surface.  IP3 receptors 
(IP3R) then open a channel to allow the flow of ER- and SR-sequestered calcium into the 
cytoplasm (Clapham, 2007); (Figure 1-5B). 
 The initial increase in cytoplasmic calcium is propagated by intracellular positive 
feedback.  Cytoplasmic calcium potentiates IP3R as well as the related ER/SR ryanodine 
receptor (RyR).  As Ca2+ binds IP3R and RyR receptor subunits, they become more 
sensitive to calcium and progressively dilate their ion channel.  This amplification of the 
original stimulus by calcium itself is termed calcium-induced calcium release (CICR).  
Once cytoplasmic calcium levels reach approximately 200 nM, however, the ER/SR 
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receptors are inhibited rather than potentiated by calcium.  Thus, the ion channels close 
and the resting levels of calcium are restored by the ATPase pumps (Leybaert and 
Sanderson, 2012). 
 
P2X purinergic receptors 
 P2X receptors are nucleotide-stimulated cation channels.  The P2X family contains 
seven members (P2X1-7).  All of these receptors share a similar structure: a short, 
cytoplasmic N-terminus, an ectodomain that is both N-glycosylated and crosslinked by 
disulfide bonds, and a cytoplasmic C-terminus, all connected by two short 
transmembrane regions (North, 2002).  In the plasma membrane, the monomers trimerize 
by interactions between the ectodomains as well as between the second transmembrane 
domains (Becker et al., 2008).  P2X trimers form ion gates that open in response to 
extracellular ATP and allow the influx of calcium down a concentration gradient 
(Virginio et al., 1997; Volonté et al., 2006); (Figure 1-5B).  The crystal structure of 
unbound and ATP-bound zebrafish P2X4 has provided insight into the general P2X 
structure, as the transmembrane domains and extracellular loops are conserved amongst 
the family members (Hattori and Gouaux, 2012; Kawate et al., 2009). 
 Except for P2X6, all of the P2X proteins have the ability to form homotrimers 
(Barrera et al., 2005; North, 2002; Ormond et al., 2006).  However, several P2X 
heterotrimers are commonly found, including P2X2/3, P2X1/5, P2X4/6 (North, 2002), 
P2X1/4 (Nicke et al., 2005), and P2X2/5 (Compan et al., 2012).  While, P2X7 can form 
heterotrimers with P2X4 it preferentially exists as a homotrimer (Guo et al., 2007; Nicke, 
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2008).  The different P2X trimeric channels have different agonist sensitivities and 
different desensitization rates, but interestingly, P2X7 homotrimeric channels do not 
exhibit desensitization to repeated stimuli.  Other unique qualities of P2X7 will be 
discussed in detail below. 
 
Intercellular calcium waves 
 The intracellular rise in cytoplasmic calcium can stimulate increases in neighboring 
cells, resulting in waves emanating from the original stimulus.  Intercellular calcium 
waves allow cells to synchronize responses to stimuli, and they have been shown to be 
essential in many multicellular responses.  For example, the coordinated wave-like 
beating of cilia in respiratory tract cells is mediated by calcium waves (Sanderson and 
Dirksen, 1986; Sanderson et al., 1988).  In astrocytes and glial cells, intercellular calcium 
is important for the regulation of neuronal synaptic transmission (Scemes and Giaume, 
2006).  Intercellular calcium regulates metabolic pathways in liver (Gaspers and Thomas, 
2005).  In arteries, smooth muscle cells rhythmic contraction is mediated by calcium 
waves (Chaytor et al., 1997; Dora, 2001).  Intercellular calcium waves were first 
observed in culture (Cornell-Bell et al., 1990; Sanderson et al., 1990) but their 
importance has been demonstrated in vivo as well (Hirase et al., 2004; Hoogland et al., 
2009; Robb-Gaspers and Thomas, 1995; Weissman et al., 2004).  Thus, intercellular 
calcium waves are vital signaling mechanisms in many multicellular tissues (For a recent 
review, see Leybaert and Sanderson, 2012). 
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 Intercellular calcium waves can travel in two ways: through gap junctions or through 
paracrine signaling.  As mentioned earlier, gap junctions (GJ) formed by two linked 
connexons (Figure 1-6) link the cytoplasms of adjacent cells.  When propagation occurs 
via GJ, a rise in cytoplasmic calcium in one cell will diffuse to the cytoplasm of the 
connected cell(s).  This method of transduction requires continuous cell-cell contact.  
Mathematical modeling and experimental testing have shown that IP3 is the main 
mediator of gap junction-propagated intercellular calcium, not Ca2+ itself (Dokukina et 
al., 2008; Sanderson et al., 1994; Sneyd et al., 1998; Ullah et al., 2006). 
 When calcium waves are propagated by paracrine signaling, the cytoplasmic calcium 
stimulates the release of agonist from the stimulated cell, and the neighboring cells 
respond by releasing more agonist, etc. (Figure 1-6B).  The most prominent agonist 
responsible for intercellular calcium waves is, in fact, ATP and other nucleotides.  
Interestingly, many intercellular calcium waves first attributed to gap junctions are now 
considered to occur through hemichannel release of ATP (Cotrina et al., 1998).  In fact, 
ATP release may be the major mechanism of intercellular calcium wave propagation.  
Intercellular calcium waves mediated by ATP release through hemichannels has been 
shown to be important in many cell types (Gomes et al., 2005; Guthrie et al., 1999; 
Homolya et al., 2000; Schwiebert, 2000).  In corneal epithelial cells, Klepeis and 
colleagues showed that calcium waves travel via paracrine signaling after scratch 
wounds, as gap junction inhibitors did not alter the waves, and waves were able to 
propagate past a cell-free region (Klepeis et al., 2001; Weinger et al., 2005). 
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Figure 1-6: Schematic of connexins and pannexins. 
A: Connexins and pannexins are integral membrane proteins with four transmembrane 
domains.  B: Six connexin or six pannexin proteins oligomerize to form hexameric 
connexons or pannexons, respectively.  Hexameric channels are hemichannels connecting 
the cytoplasm to extracellular space.  Pannexins are similar structurally to connexins, but 
have extensive glycosylation on the extracellular side.  C: Connexons can dimerize to 
form gap junctions between adjacent cells.  Pannexins, however, cannot dimerize due to 
their additional glycosylation. 
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Purinergic receptors, ATP, and calcium propagation in corneal wound healing 
 As described above, calcium waves have been shown to propagate via paracrine 
signaling, not through gap junctions, in the corneal epithelium after injury.  Confluent 
epithelial cells showed no functional gap junctions by fluorescence recovery after 
photobleaching (FRAP), though injury was able to stimulate a calcium wave.  In addition, 
these waves were able to traverse cell-free regions in culture, indicating that gap 
junctions could not be the mechanism of calcium propagation. 
 The P2Y receptors present in the corneal epithelium have been identified and are 
important signaling mediators in the wound response.  P2Y2 mediates the initial calcium 
wave after injury while P2Y4 appears to modulate it (Boucher et al., 2010).  The 
expression of P2Y2 increases after injury and appears to be related to migration (Kehasse 
et al., 2013).  P2Y1, while present, does not change with confluence or with injury.  In 
addition, P2Y2 caused transactivation of the EGF receptor (EGFR) through PLCγ 
cleavage of membrane-bound HB-EGF ligand (Boucher et al., 2011).  This 
transactivation is essential for cell migration, as multiple signaling pathways downstream 
from EGFR are activated by nucleotides.  Mass spectrometry studies have identified that 
the activation of P2Y2 enhances the phosphorylation of a number of kinases such as 
paxillin and Src.  Knockdown of the receptor significantly diminished the 
phosphorylation of these molecules (Kehasse et al., 2013).  These changes mediate 
signaling events in purinoreceptors that regulate migration, demonstrating the critical role 
of nucleotide signaling in wound repair. 
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 In contrast to P2Y receptors, the role of P2X receptors in wound propagation is less 
well understood.  In the corneal epithelium, several P2X receptors are present but only 
P2X7 stimulation was shown to induce a calcium response (Mankus et al., 2011; Weinger 
et al., 2005).  Studies have suggested that P2X receptors do not play a major role in 
wound calcium propagation, as calcium waves are limited to cell adjacent to the wound 
in Ca2+-free media (Lee et al., 2014; Weinger et al., 2005).  However, P2X receptors, 
especially P2X7, may still exert some effect on wound-induced calcium waves. 
 
1-3: Cytoskeletal Proteins in Cell Motility 
 The process of migration requires the directed rearrangement of the cell cytoskeleton.  
The cytoskeleton is made up of three major structures: actin-based filaments, 
intermediate filaments of vimentin and others, and microtubules composed of tubulin.  In 
the context of corneal epithelial cell migration, actin-based migration is most relevant. 
 Migrating epithelial cells can form lamellipodia and filopodia, which are actin-based 
protrusions that allow cell "crawling" and drive cell movement.  In the wounded corneal 
epithelium, cells migrate as a sheet using actin "purse strings" that can span several cells.  
Both purse-string migration and cell crawling can occur in the same wounded sheet of 
corneal epithelial cells, indicating that multiple modes of cell movement are important in 
the healing process (Anon et al., 2012). 
 Focal adhesion contacts are also important structures in corneal cell migration, as 
they connect the actin cytoskeleton to integrin receptors that bind the extracellular matrix 
(Figure 1-7).  Focal adhesions are multi-protein complexes that are highly dynamic, and  
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Figure 1-7: Schematic of a focal adhesion complex. 
The focal adhesion complex is made up of many proteins that connect the ECM-binding 
integrins with the actin cytoskeleton. 
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must constantly disassemble and reform to allow for cell migration.  The formation and 
disassembly (turnover) are separated spatially and functionally, allowing the two 
processes to be controlled separately (Wehrle-Haller, 2012). 
 
Lamellipodia and filopodia 
 Lamellipodia (from Latin lamaella, thin protrusions, and podia, feet) are long actin 
protrusion, first described by Michael Abercrombie (Abercrombie et al., 1970).  
Lamellipodia are composed mostly of actin, and the cell membrane is driven by actin 
polymerization at the plus end.  Actin nucleators are found in the leading edge of 
lamellipodia, such as the branch-promoting Arp2/3 complex, and the long filament-
promoting formin family (including mDia) and Spire family.  The leading edge of 
lamellipodia gives way to a more stable lamella. 
 Rac1, a Rho family GTPase, is associated with the formation of lamellipodia (Ridley 
et al., 2003).  Rac1 alone is sufficient to stimulate the formation of lamellipodia (Wu et 
al., 2009).  Rac1 targets include the WAVE complex, which activates Arp2/3 and 
stimulates actin polymerization and branching.  Rac1 also activates p21-activated protein 
kinase (PAK), which stimulates actin reorganization.  RhoA, another Rho GTPase, is 
associated with lamella advancement, formation of actin stress fibers, maturation of focal 
adhesions, and trailing edge tail retraction (Ridley et al., 2003). 
 Filopodia (“thread” or “string” + “feet”) are small protrusions of parallel actin 
filaments, and can be a component of the larger lamellipodium or independent (Ridley, 
2011).  Filopodia are also driven by actin polymerization and are seeded by the same 
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Arp2/3 complex as lamellipodia.  A primary difference is the presence of fascin, an actin-
bundling protein that is present only in filopodia and bundles the actin filaments in 
parallel (Machesky and Li, 2010). 
 
Cell sheets and purse-string migration 
 In addition to lamellipodial and filopodial cell crawling, epithelial cells can migrate 
collectively as sheets.  In sheet migration, cells crawl at the leading edge with similar 
mechanisms to single cell migration, but do not lose their cell-cell adhesions and tissue 
integrity is maintained during the healing process (Rørth, 2009).  Collective cell 
migration can involve the formation of actomyosin cables that span multiple cells at the 
leading edge, called “purse-strings” (Bement et al., 1993; Martin and Lewis, 1992).  
Purse strings have been described in corneal epithelial wound healing (Danjo and Gipson, 
1998) and their disruption leads to uncoordinated cell movement.  Purse-string formation 
and collective cell migration is therefore an important mechanism of healing in the 
corneal epithelium. 
 
Focal adhesion formation and maturation 
 Talin initiates the formation of nascent focal contacts (Calderwood and Ginsberg, 
2003; Legate et al., 2009).  Integrins present in the lamellipodia or filopodia can bind to 
extracellular matrix proteins as described above.  Talin binds to integrin and induces a 
conformational change in the αβ integrin dimer, which acts to increase the affinity of 
integrin to its matrix ligand and stabilize the attachment.  Talin is composed of a large 
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globular head domain and a long tail domain.  When talin is inactive, the tail binds and 
inhibits the head domain.  Conversely, PIP2 activates talin, which opens and exposes the 
head domain.  The head is then able to bind to the cytoplasmic tail of integrin.  Binding 
of talin to integrin exposes both the integrin cytoplasmic tail and the tail domain of talin 
to adapter proteins.  This process of talin binding to integrin is one of the most important 
steps in the formation of focal adhesions. 
 The binding of talin to integrin leads to the recruitment of additional focal complex 
proteins such as paxillin, vinculin, p130Cas, and focal adhesion kinase (FAK).  Paxillin is 
a 68 kDa protein that lacks enzymatic activity and is thought to act as a docking protein 
for a number of other proteins.  It has been shown to move from a cytoplasmic location to 
the membrane where it is phosphorylated and was shown to be present in focal adhesions 
(Turner et al., 1990).  Vinculin is a ubiquitous 117 kDa protein that contains paxillin-
binding, talin-binding, and actin-binding regions (Carisey and Ballestrem, 2011; Geiger, 
1979).  In the “closed” state, the tail domain of vinculin interacts with the head and 
obscures the binding regions, in a similar manner to talin.  In the “open” configuration, 
binding sites on the α, β, and tail regions are exposed.  Vinculin stabilizes focal 
adhesions by binding to the talin-integrin complex (Mitra et al., 2005) and is thought to 
play a role in enlargement of nascent adhesions into mature adhesions distal to the 
leading edge (Gilmore and Burridge, 1996). 
 Focal adhesion maturation involves an increase in the proteins in the adhesion cluster, 
and thus a greater strength of binding.  This binding strength imparts a greater traction 
force, and the cell is able to form large actin bundles and migrate.  The turnover or 
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release of focal adhesions can be considered the rate-limiting step of cell movement 
(Stepp, 2006).  RhoA activity at the trailing edge is thought to be essential in initiation of 
focal adhesion release and turnover. 
 
1-4: The P2X7 Purinergic Receptor 
 Our lab has shown that the P2X7 purinergic receptor is an important factor in proper 
wound healing in the corneal epithelium (Mankus et al., 2011; Mayo et al., 2008).  P2X7 
is a unique P2X family receptor because, while its N-terminus and ectodomain are similar 
to other P2Xs, the C-terminal tail of P2X7 is approximately 200 residues longer than any 
other P2X member (North, 2002; Surprenant et al., 1996); Figure 1-8A).  Though P2X7 
has been linked to P2X4 heterotrimers (Guo et al., 2007), it exists in cells primarily as a 
homotrimeric receptor (Nicke, 2008).  Several unique functions that have been attributed 
to P2X7 have been linked to this extended C-terminal region.  First, extended stimulation 
of P2X7 leads to the formation of large, nonspecific pores in the plasma membrane.  
These pores can allow molecules of up to 900 Da to pass into the cell (Surprenant et al., 
1996; Virginio et al., 1999).  Second, P2X7 stimulation causes activation of the NALP3 
inflammasome through caspase-1 (Di Virgilio, 2007; Ferrari et al., 2006; Lister et al., 
2007) and is a required step in the processing and secretion of IL-1β (Verhoef et al., 
2003).  Finally, P2X7 has been shown to bind pannexin-1, a connexin and innexin-like 
protein that forms hemichannels and can contribute to ATP release into the extracellular 
milieu (Iglesias et al., 2008).  These effects have led to the classification of P2X7 as a cell  
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Figure 1-8: Schematic of P2X7. 
A: Diagram of P2X7 in membrane (TM = transmembrane domain).  Yellow lines are 
approximate location of disulfide bonds.  B: Putative domains of P2X7 C-terminal tail 
(blue; (Denlinger et al., 2001) and putative phosphorylation sites (Costa-Junior et al., 
2011; Smart et al., 2003).  Pink domains are predicted helices (predictprotein.org; (Rost 
et al., 2004). 
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death receptor.  P2X7 can be distinguished from other P2X family members by its unique 
agonist and antagonist profile (Figure 1-9; Figure 1-10). 
 
P2X7 C-terminus 
 Denlinger and colleagues first analyzed the unique C-terminal tail of P2X7 for 
domains of sequence homology to known proteins (Denlinger et al., 2001); (Figure 1-
8B).  They identified an SH3-binding motif, a motif similar to the TNFR1 death domain, 
and an LPS-binding motif similar to that in the LPS binding protein (LBP).  Interestingly, 
the LPS-binding domain of P2X7 is cytosolic, so LPS would have to be in the cytosol for 
binding to occur in vivo.  The authors suggested that PLD activation might be mediated 
through Rho and the SH3 domain of P2X7. 
 In addition, motifs with homology to mycobacteria HMW3 and C. elegans C18H2.1 
were found on human P2X7.  Both of these domains point to a possible involvement in 
cytoskeletal organization and adhesion recruitment.  HMW3 is involved in attachment of 
adhesion proteins (Krause, 1998) and C18H2.1 contains two ankyrin repeats, which are 
involved in cytoskeletal organization (Sedgwick and Smerdon, 1999). 
 
P2X7 splice variants 
 Cheewatrakoolpong and colleagues first reported several alternatively spliced 
transcripts of P2X7, labeled P2X7B-H (Cheewatrakoolpong et al., 2005).  Subsequent 
studies have identified other splice variants (Feng et al., 2006; Nicke et al., 2009).  These 
variants have altered N-termini (D, F, G, H, and K) or altered C-termini (B, C, E, G, and  
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Figure 1-9: Chemical structures of synthetic agonists to P2X7. 
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Figure 1-10: Chemical structures of synthetic antagonists to P2X7. 
  
!! 34 
J).  Some have only been identified as mRNA transcripts, and the functional effects of the 
protein are unknown.  However, translated proteins from variants B and J have been 
shown to trimerize with the full-length P2X7 receptor (P2X7A) and affect channel 
function and signaling.  P2X7B is truncated after the second transmembrane domain, and 
lacks most of the C-terminal tail that gives P2X7 its canonical functions.  Heterotrimers 
composed of P2X7A and B are functional cation channels, but lose the ability to form 
large nonspecific pores and induce apoptosis (Adinolfi et al., 2010).  P2X7J is truncated 
even further, lacking the entire C-terminal tail as well as the second transmembrane 
domain.  In studies in human cervical cancer cells, P2X7J was shown to act as a 
dominant negative, forming heterotrimers with P2X7A and ablating both pore forming 
and cationic channel function (Feng et al., 2006).  Another variant, P2X7K, was first 
detected in rat, and has an altered N-terminal domain.  P2X7K has a higher affinity for 
ATP and BzATP than P2X7A (Nicke et al., 2009).  P2X7K has since been described in 
mouse (Xu et al., 2012), and was shown to have enhanced stability and increased NAD-
dependent ADP-ribosylation due to its altered N-terminus. 
 
P2X7 ATP binding and pore formation 
 P2X7 was first identified in macrophages as a receptor that mediated efflux of Rb+, a 
large molecular weight marker, from cells after ATP stimulation (Steinberg and 
Silverstein, 1987).  The authors concluded that an ATP receptor must exist since Rb+ 
efflux was due to a response to ATP4- specifically, and not MgATP2-, the ligand for ecto-
ATPases such as CD39.  Later, this ATP receptor was identified as P2Z, and its ligand 
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was specifically ATP4- (Surprenant et al., 1996).  In fact, ATP4- is the only known 
endogenous ligand for P2X7, while 2, 3-O-benzoyl-benzoyl-ATP (BzATP) was 
identified as a high affinity synthetic ligand for P2X7 (Surprenant et al., 1996). 
 P2X7 is unique in that it has a much lower affinity for ATP than other P2Xs.  In 
humans, P2X7 affinity for ATP has a EC50 around 100μM (Surprenant et al., 1996), 
which is at least 10-fold higher than other P2X family members (North, 2002).  The 
second property of P2X7 is its ability to form large, non-specific membrane pores that 
allow for large molecules to pass in and out of the cytoplasm.  P2X7 was first 
characterized by endowing cells with the ability to uptake large fluorescent dyes such as 
lucifer yellow and YO-PRO-1 (Steinberg et al., 1987).  By measuring the maximum size 
dye able to enter cells upon P2X7 activation, the size of the pore was estimated to be 
~900 Da (831 Da fura-2 could enter cells but not 961 Da trypan blue).  Interestingly, Gu 
and colleagues reported that a C-terminal residue (Glu496) was required for this pore 
formation (Gu et al., 2001).  In addition, a naturally occurring Pro451Lys mutation in 
C57BL/6 mice was shown to affect pore formation and cell death (Adriouch et al., 2002). 
 
P2X7 in cell survival and migration 
 Recent studies have shown P2X7 plays an important role in cancer cell survival, 
proliferation, and metastasis.  P2X7 expression was reported in certain cancers (Greig et 
al., 2003; Slater et al., 2004), and it has been proposed as an expression marker in cancers 
(Solini et al., 2008).  Recent studies have shown that P2X7 stimulation increases cancer 
cell growth (Adinolfi et al., 2012; Raffaghello et al., 2006; Takai et al., 2012; 2014) and 
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invasiveness (Jelassi et al., 2011).  In addition, oxidized ATP (oxATP), an inhibitor of 
P2X7, has been studied as a potential cancer therapeutic (Hattori et al., 2012; Seki, 2012).  
Though the mechanism is not understood, P2X7 is considered to be a growth-promoting 
receptor.  However, P2X7 in normal tissue is less well studied. 
 Healthy human cornea and corneal epithelial cells express P2X7 (Mankus et al., 
2011), and P2X7-/- mice display delayed corneal wound closure (Mayo et al., 2008).  
Furthermore, stimulation of corneal epithelial cells with BzATP results in increased cell 
migration.  We have also shown that P2X7 activation in corneal epithelial cells does not 
result in large pore formation or apoptotic cell death (Mankus et al., 2011).  Therefore, 
P2X7 can promote cell migration in the context of epithelial wound healing.  
 The mechanisms by which P2X7 promotes corneal wound healing are not well 
understood.  Recent studies in other cells and tissues have suggested a role for P2X7 
upstream of focal adhesion formation (Díaz-Hernandez et al., 2008; Henríquez et al., 
2011).  In addition, the Rho GTPase inhibitor Y27632 blocked P2X7-stimulated 
membrane blebbing in macrophages (Verhoef et al., 2003).  Therefore, there is evidence 
that P2X7 can act upstream of cytoskeletal components to promote migration.  However, 
these effects may be cell-type or tissue-type specific, as some cells have shown that 
inhibition of P2X7 increases actin-based cytoskeletal reorganization and axonal 
branching (Díaz-Hernandez et al., 2008).  This research reports for the first time the 
importance of P2X7 in the cytoskeletal reorganization in normal corneal wound healing. 
 P2X7 has been shown to be altered in diabetes patients and different models of 
diabetes in animals and cell culture.  Human patients with type 2 diabetes (T2D) showed 
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an increase in P2X7 in peripheral blood mononuclear cells (PBMC) compared with 
control patients (García-Hernández et al., 2011).  In addition, human fibroblasts from 
diabetic patients showed enhanced P2X7 activity (Solini, 2004).  Since P2X7 is an 
important component of the corneal epithelial wound response, we studied the expression 
and function of P2X7 in the corneal epithelium from diabetic patients and in models of 
diabetes. 
 
1-5: Thesis Objectives 
 Nucleotide release and the purinergic receptor-mediated calcium wave after injury is 
well documented, but the roles of the individual receptors and the mechanisms by which 
they promote migration after injury are not fully understood.  Our lab has shown that 
P2Y2 is necessary for wound-induced activation of EGFR and promotion of migration 
through the phosphorylation of specific kinases and adaptor molecules.  Only recently, 
however, has the role of P2X7 in corneal wound healing been studied.  While BzATP 
stimulates a calcium response from epithelial cells, it is not yet known how P2X7 
contributes to the overall wound-induced calcium wave.  While P2X7 appears to promote 
cell migration after injury, the mechanisms of this are complicated and poorly 
understood.  Finally, the study of the regulation of P2X7 in normal corneal epithelial 
turnover and the regulation in response to injury is novel. 
 The objectives of this research were to study the mechanisms by which P2X7 
promotes corneal epithelial wound healing.  The major goal of this study was to 
determine how P2X7 affects both the initial Ca2+ mobilization and the downstream events 
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of wound closure using organ culture and in vitro models. The specific aims were: 1) to 
determine molecular mechanisms of P2X7 in epithelial cell migration after corneal 
injury, 2) to develop a stratified cell culture model of injury to further analyze P2X7 
mechanisms, and 3) to analyze P2X7 alterations in animal models of diabetes.  To this 
end, we employed intact rat and mouse corneas that were cultured to allow for epithelial 
cell survival and migration.  We also used a well-established corneal epithelial cell line to 
study the molecular mechanisms of P2X7 on the wound response and develop a stratified 
epithelial cell culture model. 
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CHAPTER TWO: Materials and Methods 
 
Reagents, nucleotides, and P2X7 inhibitors 
Nucleotides (ATP, 2,3-O-(4-benzoylbenzoyl)-ATP (BzATP), oxidized ATP (oxATP), 
UTP, and ADP) as well as dyes (ponceau S, ethidium bromide and calcein) were all 
purchased from Sigma-Aldrich (St. Louis, MO).  A438079 hydrochloride, was purchased 
from Tocris Biosciences (Minneapolis, MN).  Fluo-3AM and TO-PRO-3 were purchased 
from Molecular Probes (Eugene, OR). 
 
Antibodies 
Anti-P2X7 polyclonal rabbit antibodies directed against the extracellular domain of rat 
P2X7 (catalog #APR-008) were purchased from Alomone Labs (Jerusalem, Israel).  Anti-
β-actin monoclonal mouse antibodies in ascites fluid (clone AC-15, catalog #A5441), 
anti-vinculin monoclonal mouse antibodies (clone hVIN-1, catalog #V9264), and anti-
p15 INK polyclonal rabbit antibodies (CDKN2B; catalog #SAB4500078) were purchased 
from Sigma-Aldrich.  Anti-p63 monoclonal mouse antibodies (clone 4A4, catalog #sc-
8431) were purchased from Santa Cruz Biotechnology (Dallas, TX).  Anti-proliferating 
cell nuclear antigen (PCNA) monoclonal mouse antibodies (clone PC10; catalog #Ab-1) 
were purchased from Oncogene (Cambridge, MA).  Alexa Fluor-conjugated whole IgG 
secondary antibodies against mouse or rabbit were purchased from Molecular Probes.  
HRP-conjugated whole IgG secondary antibodies against mouse or rabbit were purchased 
from Santa Cruz Biotechnology. 
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Cell culture 
Human corneal limbal epithelial (HCLE) cells were a kind gift from Dr. Ilene Gipson 
(Gipson et al., 2003).  Cells were cultured in "growth media" consisting of keratinocyte 
serum-free media (K-SFM) supplemented with 25 μg/mL bovine pituitary extract, 0.02 
μM epithelial growth factor (EGF) (all from GIBCO, Grand Island, NY), 0.03 mM 
CaCl2, 100 U/mL pencillin and 100 μg/mL streptomycin (P/S, from Cellgro, Herndon, 
VA), and 0.5% amphotericin B (Fungizone, from GIBCO).  Cells were passaged when 
80-90% confluent and split approximately 1:5.  For experiments, cells were plated at 80-
100 cells/mm2 on either FBS-coated 22 mm square glass coverslips #1.5 (for 
immunofluorescent experiments) or culture-treated plastic dishes (for mRNA or protein 
analysis; Corning, Corning, NY) and grown to confluence.  For experiments involving 
agonist stimulation or scratch wounding, growth media was removed from cells 16-24 
hours beforehand and replaced with K-SFM without supplements. 
 
Cell stratification 
To stratify HCLE cells, a protocol from (Gipson et al., 2003) was modified.  Cells were 
grown to confluence on FBS-coated glass coverslips (as above) or FBS-coated polyester 
transwell plates with pore size 0.4 μm (Corning).  Once cells were confluent, media was 
switched from growth media (described above) to “stratification media” consisting of 
DMEM:F12 (Cellgro) supplemented with 10% FBS, P/S, and 1.6 mM EGF.  For 
experiments using agonist stimulation or trephine wounding, stratification media was 
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removed from cells 16-24 hours beforehand and replaced with DMEM:F-12 without 
supplements. 
For air-lift experiments, cells were cultured to confluence on FBS-treated transwell 
dishes and switched to stratification media for 24 hours.  After exposure for 24 hours, 
media was removed from the upper chamber, leaving the apical cells exposed to air.  
Media was replenished in the lower chamber every 24 hours for 7 days. 
 
Stratified HCLE cells wounding and analysis 
To wound stratified HCLE cells, a 4 mm circular demarcation was made in the center of 
the transwell plate with a sterile trephine.  The center cell disk was removed with sterile 
forceps, which left a circular cell-free area.  The wound areas were imaged on an 
Olympus FSK-100 microscope (Olympus, Center Valley, PA) at indicated times to 
monitor wound closure.  To image the entire wound, automatic tiling was used at the 
lowest magnification (0.4x) to define the tile area, and images (around 30/wound) were 
stitched into a single image using the CellSens software (Olympus).  Images were resized 
as needed using Photoshop (Adobe Systems, San Jose, CA).  Wound areas were 
quantified using FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/). 
 
Human corneas 
Human diabetic and age-matched control donor corneas were purchased from the 
National Disease Research Interchange (NDRI, Philadelphia, PA) under Cedars-Sinai 
Medical Center IRB protocol EX-1055.  Upon receipt, central corneal buttons were cut 
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out with an 8.25-mm trephine, epithelium removed and tissue immediately frozen in 
liquid nitrogen and RNA isolated (Mankus et al., 2011). 
 
Type 1 diabetic animal model 
10-12 week-old Sprague-Dawley rats received an intraperitoneal injection of 50 mg/kg 
body weight streptozotocin (STZ) for 5 consecutive days.  Blood glucose was monitored, 
and animals were considered diabetic when levels less than 250 mg/dL, around 2-3 days 
later.  One to five units of isophane insulin was subcutaneously injected as needed to 
maintain serum glucose levels ∼300 mg/dl, zero to three times per week.  Rats were 
euthanized ∼6 months after the spontaneous onset of hyperglycemia (Cherian et al., 2009) 
 
Type 2 diabetic mouse model 
28 week-old diet-induced obese (DIO) C57BL/6 mice and age-matched controls were 
purchased from Jackson Laboratories.  Mice were fed high fat diet consisting of 60% 
calories from fat starting at 6 weeks of age, 22 weeks total.  Control mice were fed 
normal chow diet consisting of 10% calories from fat (Research Diets #D12492i).  Mice 
were housed upon purchase and maintained on diet for approximately 3 weeks.  Glucose 
tolerance was determined by glucose application (1.5g glucose per kg body weight) after 
16 hours fasting.  Mice showed impaired glucose tolerance at 26-28 weeks of age 
(Jackson Laboratory) (DeFuria et al., 2013).  Mice were euthanized approximately 1 
week after glucose tolerance tests. 
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Organ culture 
Corneas were dissected and cultured as previously described (Gordon et al., 2010; Lee et 
al., 2014). Healthy Sprague-Dawley juvenile rats (Charles River Labs, Wilmington, MA) 
were euthanized and a 3 mm-diameter circular demarcation was made in the center of the 
cornea with a trephine.  The epithelium was removed within the central circular region 
with a #11 scalpel blade.  Eyes were then removed and placed in ice-cold DMEM 
containing 20 mM HEPES (pH 7.5).  For each eye the cornea and 1-2 mm of scleral 
tissue was removed and placed epithelium face-down in cold DMEM.  Warm DMEM 
with 0.75% agar (~60°C) was pipetted into the posterior surface of the cornea and 
allowed to harden.  When the corneas were turned anterior side up, the agar formed a 
dome that maintained corneal curvature (Figure 2-1). DMEM without HEPES was added 
to the well at a level that only covered the scleral rim. The corneal epithelium was 
therefore exposed to air, and the epithelium was wetted with DMEM periodically to 
prevent drying. 
 
Organ culture wound analysis 
To determine the rate of wound closure, corneas were stained with 1% w/v methylene 
blue in PBS at indicated times after injury. The dye was added for approximately 30 
seconds, and the corneas were washed several times with PBS to remove excess stain.  
The exposed basement membrane retained the blue stain, allowing for quantification of 
the wound size (Figure 2-1).  Corneas were imaged with a Nikon 990 digital camera 
(Nikon, Melville, NY) attached to a Zeiss dissection microscope (Zeiss, Thornwood,  
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Figure 2-1: Diagram of ex vivo corneal procedure. 
Rodent corneas were dissected with the scleral rim intact.  To measure wound closure, 
1% methylene blue was used to stain the unhealed region of the corneal epithelium as 
depicted by blue circle.  To perform immunohistochemical analysis, radial sections were 
made as shown. !  
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NY).  Wound sizes were quantified using FIJI/ImageJ and analyzed with Excel 
(Microsoft, Redmond, WA). !
Quantitative real-time PCR 
RNA was isolated from rat organ cultured corneas by scraping cell populations into ice-
cold PBS, spinning cells at 663x g for 10 minutes at 4°C, and resuspending cells in RNA 
lysis buffer.  Cells were homogenized to ensure complete lysis with a Polytron 
homogenizer (for ~10 seconds).  A spin column kit (QIAGEN, Valencia, CA, or Fisher 
Scientific, Pittsburgh, PA) was used to purify mRNA in water according to the 
manufacturer’s instructions.  RNA concentration was determined via 260nm/280nm 
absorbance on a spectrophotometer.   To eliminate any genomic DNA, 2 μg of RNA were 
incubated with 0.2 U/μL DNase I (New England BioLabs, Ipswich, MA) in enzyme 
buffer (10 mM Tris-HCl, pH = 7.6, 2.5 mM MgCl2, 0.5 mM CaCl2), along with 1 U/μL 
RNase inhibitor (Applied Biosystems, Foster City, CA), for 30 minutes at 37°C.  The 
DNase I enzyme was then inactivated with the addition of 2.3 mM EDTA and incubation 
at 65°C for 10 minutes.  RNA was reverse transcribed to cDNA using both random 
hexamers and oligo d(T) as primers; reaction components were as follows: 3.125 U/μL 
MultiScribeTM reverse transcriptase (ABI), 5.5 mM MgCl2, 1x RT buffer (10 mM Tris-
HCl, pH = 8.3, 50 mM KCl), 2 mM total dNTPs (0.5 mM each of dATP, dGTP, dCTP, 
and dTTP), 1.25 μM random hexamers, 1.25 μM oligo d(T)16, 0.4 U/μL RNase inhibitor.  
Reactions were also run in parallel without the RT enzyme to control for DNA 
amplification.  Quantitative real-time PCR (qPCR) was carried out on cDNA and control 
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reactions using verified Taqman probes (ABI) with FAM (for target sequences) or VIC 
(for 18S) fluorescent dye on an ABI 7300 thermal cycler.  Samples were incubated in a 
hot start (95°C for 10 min) before starting thermal cycling.  Cycle conditions were as 
follows: 15 seconds at 95°C and 1 minute at 60°C.  Fluorescence was monitored for 45 
reaction cycles.  Relative expression was determined in Excel by using the ΔΔCt method 
using 18S rRNA expression to normalize. 
 
Western blot analysis 
To isolate protein for immunoblotting, HCLE cells were washed twice in ice-cold PBS 
and lysed in ice-cold RIPA buffer (10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM 
phenylmethylsulfonylfluoride (PMSF), and 1 mM sodium orthovanadate).  Protein 
concentration was determined using the BCA assay (Bio-Rad, Hercules, CA).  To 
separate lysates electrophoretically, normalized amounts of protein samples were boiled 
in a 1x Laemmli sample buffer (Laemmli, 1970) for 10 minute then separated via SDS-
PAGE using a Tris/glycine/SDS buffer.  Separated proteins were transferred to 
nitrocellulose membrane in a Tris/glycine buffer (Towbin et al., 1979).  Total protein and 
transfer quality was determined by staining membrane with the reversible dye Ponceau S 
(0.1% w/v Ponceau S dye in 5% v/v acetic acid solution) for approximately 10 minutes 
and rinsing with Milli-Q water.  Once imaged, the membrane was cleared of dye with 
PBS or TBS, then incubated in 5% milk or 5% BSA in TBS for 1 hour at room 
temperature, then immunoblotted in primary antibody at indicated concentrations in 
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blocking buffer overnight at 4°C.  Membranes were incubated in HRP-linked secondary 
antibodies to the Fc region of the primary for 1 hour at room temperature.  Bands were 
visualized by incubating membrane in ECL reagent (Denville Scientific, South Plainfield, 
NJ, or Pierce, Rockford, IL) for one minute at room temperature then exposing 
membrane to film (Denville Scientific) or light-sensitive CCD camera (Bio-Rad).  If 
needed, membranes were stripped of primary antibody by incubation in Tris-buffered 
saline with 2-mercaptoethanol (βME) at 50°C for 10 minutes.  Proteins were quantified 
by measuring band intensity and normalizing to β-actin on the same membrane, using 
FIJI/ImageJ. 
For rat corneal protein or stratified HCLE protein isolation, cells were scraped into ice-
cold PBS with a scalpel blade or sterile tweezers.  Cells were pelleted gently by 
centrifugation at 663x g for 10 minutes at 4°C.  PBS was gently aspirated, and cell pellets 
were resuspended and lysed in ice-cold RIPA buffer.  To ensure complete lysis, cells 
were sonicated 3 times for 3-10 seconds each. 
 
Immunofluorescence and confocal microscopy 
Cells on glass coverslips or rat corneas were fixed in freshly prepared 4% 
paraformaldehyde in PBS for 20 minutes at room temperature (cells) or overnight at 4°C 
(rat corneas).  Rat corneas were radially sectioned by cutting with a sterile razor blade 
under a dissection microscope (Figure 2-1).  For immunofluorescent staining, cells or 
tissue were permeabilized with 0.1% v/v Triton X-100 in PBS for 2-5 minutes, and 
blocked with 4% BSA in PBS for 1 hour at room temperature.  Cells or tissue were 
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incubated in primary antibodies, at indicated dilutions in blocking solution, overnight at 
4°C.  Alexa Fluor-conjugated secondary antibodies, either Alexa Fluor 488 anti-rabbit or 
Alexa Fluor 633 anti-mouse, were incubated at a dilution of 1:100 in blocking solution 
for 1 hour at room temperature.  Rhodamine-phalloidin (Molecular Probes) (1:50) was 
used to visualize F-actin.  Cells or tissue were mounted using VectaSHIELD with DAPI 
(Vector Labs, Burlingame, CA).  Images were taken on an LSM 700 confocal microscope 
(Zeiss) with indicated objectives and settings.  Images were analyzed using ZEN (Zeiss) 
or FIJI/ImageJ. 
 
Cytoskeletal buffer prepermeabilization and fixation 
For isolation of cytoskeletal-bound proteins, HCLE cells were plated, cultured and 
treated as described.  Before fixation in 4% PFA, cells were wash 3 times for 
approximately 1 minute each in ice-cold “cytoskeletal” (CSK) buffer: 10 mM PIPES, pH 
6.8, 10 mM NaCl, 3 mM MgCl2, 1 mM EGTA, and 0.5% Triton X-100 (Lee et al., 2014; 
Sazonova et al., 2011).  Cells were fixed in 4% paraformaldehyde for 20 minutes at room 
temperature and stained as described. 
 
Calcium Imaging 
HCLE cells were plated on FBS-coated glass coverslips (for agonist stimulation) or FBS-
coated glass bottomed dishes (for injury) and grown to confluence.  To monitor changes 
in intracellular calcium levels, cells were incubated with 5 μM Fluo-3AM fluorescent dye 
(with 1% v/v DMSO and 0.02% w/v pluronic acid) in HEPES-buffered saline (10 mM 
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HEPES, pH 7.6, 137 mM NaCl, 5 mM KCl, 4 mM MgCl2, 3 mM CaCl2, and 25 mM 
glucose), for 30 minutes at 37°C and 5% CO2 (Lee et al., 2014; Weinger et al., 2005).  
Excess dye was removed prior to experimentation.  For agonist stimulation, coverslips 
were mounted onto an imaging chamber (Warner Instruments, Holliston, MA) and 
HEPES-buffered saline was perfused at a rate that did not induce fluxes.  Images were 
collected every 786 milliseconds on an Axiovert 100 LSM 510 confocal microscope 
(Zeiss) (Klepeis et al., 2004; Lee et al., 2014).  Approximately 50 frames were captured 
to establish baseline fluorescence, then stimuli and washes were performed at indicated 
times.  For injury, cells were wounded with pulled glass pipets using a micromanipulator 
(Sutter Instruments, Novato CA), as described previously (Lee et al., 2014; Oswald et al., 
2012).  Baseline and post-wound frames were captured as above, at indicated times.  
Analysis was performed using FIJI/ImageJ. 
 
Dye Uptake/Efflux 
Pore formation was determined via uptake or efflux of large molecular weight fluorescent 
dyes.  Cells were plated and grown to desired density on glass coverslips as described for 
calcium studies.  Immediately prior to start of experiment, cells were incubated in 1 μM 
TO-PRO-3 (with 0.1% DMSO) in HEPES-buffered saline.  Coverslips were mounted 
onto an imaging chamber to allow perfusion and washout of stimuli, also as described for 
calcium studies.  Dyes were present in all washes and stimuli, if used.  Images were 
collected every 786 milliseconds on an Axiovert 100 LSM 510 confocal microscope 
(Klepeis et al., 2004; Lee et al., 2014).  Approximately fifty frames were captured to 
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establish baseline fluorescence, then stimuli and washes were performed at indicated 
times.  For some studies, HEPES-buffered saline containing 0.1% Triton X-100 was 
added to cells as a positive readout for cytoplasmic dye uptake.  Fluorescent analysis was 
performed using FIJI/ImageJ. 
 
BacMam Transduction and Live Cell Imaging 
HCLEs were transduced while in suspension with 50μL/mL of BacMam CellLight actin-
GFP (Molecular Probes).  Cells were plated on FBS-coated glass bottom dishes (MatTek, 
Ashland, MA) and grown to confluence.  Growth supplements were removed 16-24 hours 
prior to imaging.  Vitamin C (1 mg/mL) was added 1 hour prior to imaging to minimize 
phototoxicity.  Cells were scratch wounded with gel-loading micropipette tips and cells 
expressing actin-GFP were identified along the wound edge.  Imaging was performed 
using a 63X oil immersion objective (NA = 1.4) on an Axiovert 200M LSM 510 laser 
scanning confocal microscope (Zeiss).  During imaging, cells were maintained at 37°C in 
a 5% CO2 atmosphere.  Cells were imaged every 10 minutes for 4 hours.  Autofocusing 
was performed before each time point and the detector gain and amplifier offset were 
automatically adjusted by the LSM 510 imaging software (Zeiss) to maintain optimal 
brightness and contrast.  Images were analyzed using FIJI/ImageJ. 
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Statistical Analysis 
Statistical tests were performed to determine significance.  Student’s t-tests (unpaired, 
one-tailed) were performed using Excel.  Analysis of variance (ANOVA) with post-hoc 
tests were performed with Prism (GraphPad, La Jolla, CA). 
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CHAPTER THREE: P2X7 Regulation of Ca2+ Mobilization and Cytoskeletal 
Rearrangement is Required for Corneal Re-Epithelialization After Injury 
 
3-1: Introduction 
 The goal of this study was to determine how P2X7 affects both the initial Ca2+ 
mobilization and the downstream events of wound closure.  We found that there is a 
decrease in overall expression of P2X7 after injury along with a change in localization of 
the receptor in the leading edge of the migrating epithelium.  Inhibition of P2X7 delayed 
wound closure and inhibited the wound-induced change in P2X7 localization.  
Furthermore, inhibition of P2X7 attenuated Ca2+ mobilization and altered the wound-
induced Ca2+ response.  Finally, inhibition of P2X7 altered the number of focal adhesion 
clusters and organization of actin filaments in the migrating cell.  Our results demonstrate 
that P2X7 is a vital component in regulating the early response to epithelial injury. 
 
3-2: Results 
P2X7 regulation in intact and wounded corneas 
 The first goal was to determine the regulation of P2X7 in intact and wounded 
corneas.  Epithelial abrasions were performed on rat corneas before being placed in organ 
culture.  Methylene blue-stained regions were measured to determine the rate of wound 
closure (Figure 3-1A).  To determine the levels of P2X7 at baseline and after corneal 
injury, mRNA and protein were collected and measured.  The epithelial cells were 
separated into two populations as indicated (Figure 3-1A inset).  Cells that crossed the  
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Figure 3-1: P2X7 expression following corneal epithelial injury. 
A. Representative healing curve of organ cultured rat corneal epithelium over time after 
wounding.  At indicated times, organ cultured corneas were stained with 1% methylene 
blue and imaged (see inset).  Wound size was measured using FIJI/ImageJ.  The 
migratory and peripheral epithelial cell populations (for mRNA and protein isolation) are 
indicated (dotted circle).  B. RT-PCR was performed on mRNA collected from the 
migrating and peripheral cell populations at each time point.  mRNA from at least 7 eyes 
were pooled per time point.  C. Cell lysates were collected from the migrating and 
peripheral cell populations, resolved by SDS-PAGE (10%), and immunoblotted.  P2X7 
band is around 75 kDa and represents the full-length isoform.  Lysates from at least 6 
eyes were pooled per time point.  Densitometry was performed using FIJI/ImageJ. 
  
!! 55 
initial wound margin were termed “migratory”, and the distal epithelial cells were termed 
“peripheral”.  P2X7 mRNA decreased 4 hours after injury in both cell populations and 
remained low for the duration of the time course (Figure 3-1B).  Similarly, P2X7 protein 
levels decreased 12 hours after injury, by approximately 90% in migratory cells and 
approximately 80% in peripheral cells (Figure 3-1C).  The increase in p15 after injury 
confirmed the migratory phenotype of the cells (Figure 3-1C). 
 The localization of P2X7 in the intact and wounded corneal epithelium was 
examined.  In the unwounded epithelium, P2X7 was localized predominantly in the basal 
and the flat apical cells (Figure 3-2).  Twelve and twenty hours after injury, P2X7 was 
prominent at the wound margins (asterisks).  The receptor was localized along the basal 
membrane in the cells near the leading edge and showed decreased levels in the cells 
back from the wound edge.  After 48 hours, the wound was closed and P2X7 localization 
was similar to unwounded epithelium.  Together, these data indicate that while P2X7 
decreases overall in the migrating epithelium, it becomes concentrated at the leading edge 
after injury.  We speculate that this change in localization may be a critical factor in 
orchestrating the events of proper migration. 
 
Effects of P2X7 inhibition on corneal epithelial wound closure 
 To test the role of P2X7 in corneal wound repair, corneas were cultured in the 
presence or absence of oxATP, a specific and irreversible P2X7 inhibitor (Murgia et al., 
1993).  Wound sizes were measured 12 hours after  
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Figure 3-2: P2X7 localization following corneal epithelial injury. 
The leading edges are lined up for presentation.  Wounded organ cultured rat corneas 
were fixed at indicated times.  Radial sections were cut and stained for P2X7.  Central 
epithelia were imaged (leading edge is indicated by asterisk) on a LSM 700 confocal 
microscope (20x, NA = 0.8).  Images represent a minimum of 3 independent experiments 
per time point. Scale bar = 50 μm. 
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injury. Treatment with oxATP resulted in a significantly larger wound area at 12 hours 
(Figure 3-3A), supporting previous findings that P2X7 promotes wound healing (Mankus 
et al., 2011; Mayo et al., 2008).  In addition, oxATP-treated corneas showed localization 
of P2X7 along the basolateral membrane after injury (Figure 3-3B), a pattern similar to 
that seen in unwounded tissue (Figure 3-2) and in contrast to the localization at the 
leading edge in wounded control corneas (Figure 3-2, Figure 3-3B).  Together, these data 
suggest that the change in P2X7 localization that occurs after injury under control 
conditions is an important factor in wound repair. 
 To examine signaling events mediated by P2X7, we used an established epithelial cell 
line.  In previous studies using these cells, we have shown that P2X7 stimulation 
increases migration rate and that siRNA knockdown of P2X7 inhibits the Ca2+ response 
and delays migration (Mankus et al., 2011).  To determine if cells in vitro exhibit a 
similar response to oxATP as shown in organ culture (Figure 3-3), scratch wounds were 
made in the presence or absence of inhibitor (Figure 3-4).  The oxATP-treated cells 
showed significantly delayed migration rates in a manner similar to that of the organ 
cultures (two-way ANOVA; *p < 0.05; ***p < 0.005). 
 
Role of P2X7 in wound-induced calcium mobilization 
 The nucleotide-stimulated Ca2+ wave is an essential component of the wound healing 
response.  Previously, we have shown that 2,3-O-(4-benzoylbenzoyl)-ATP (BzATP), a 
specific P2X7 agonist, induces a prototypical mobilization of Ca2+ in HCLE cells 
(Mankus et al., 2011).  In order to determine the role of P2X7 in the wound-induced Ca2+  
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Figure 3-3: Inactivation of P2X7 inhibits corneal epithelial wound healing. 
A: Oxidized ATP delays rate of wound healing.  Three mm circular debridement wounds 
were made and corneas were cultured in the presence or absence of 10 μM oxATP for 12 
hours.  The remaining wound area was stained with methylene blue and imaged. Wound 
size was quantified using FIJI/ImageJ.  Percent wound closure ± SEM at 12 hours is 
shown (one-tailed t-test; *p < 0.05).  B: Oxidized ATP inhibits injury-induced change in 
P2X7 localization.  Rat corneas incubated with oxATP demonstrated that P2X7 remained 
along the basal cell membranes compared to control (asterisk indicates leading edge).  
Data are representative of a minimum of 6 independent experiments.  Scale bar = 50 μm. 
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Figure 3-4: Inactivation of P2X7 inhibits wound healing in corneal epithelial cell 
cultures. 
Confluent HCLE cells were incubated in the presence or absence of 100μM oxATP for 1 
hour, and scratch wounded with a gel-loading pipet tip.  Wounds were imaged at 
indicated times after injury using an Olympus FSX-100 microscope.  A: Images at 0 and 
8 hours after injury are representative of 4 independent experiments. B: Quantification of 
wound size was performed using FIJI/ImageJ (NIH).  Error bars are ± S.E.M. (two-way 
ANOVA; *p < 0.05; ***p < 0.005).  Scale bar = 200 μm.  N = 4 independent 
experiments. 
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mobilization, we first examined the effects of P2X7 antagonism on BzATP-stimulated 
Ca2+ influxes.  The BzATP-induced Ca2+ response was significantly decreased by both 
oxATP and A438079, a reversible inhibitor of P2X7 (Mankus et al., 2011) (Figure 3-5). 
To confirm the specificity of the inhibitors, cells were also stimulated with either UTP or 
ADP, agonists for other purinergic receptors expressed in HCLE cells (Boucher et al., 
2010; Weinger et al., 2005) (Figure 3-6).  Neither oxATP nor A438079 had significant 
effects on the UTP-stimulated or ADP-stimulated Ca2+ response.  Together, these results 
demonstrate that the inhibition caused by these agents is specific to the P2X7 receptor. 
 We then determined the overall effect of P2X7 inhibition on the wound-induced Ca2+ 
mobilization.  Confluent HCLE cells were injured in the presence or absence of oxATP, 
and the intracellular Ca2+ wave was recorded (Figure 3-7).  Oxidized ATP did not 
significantly affect the distance of Ca2+ wave propagation after injury (Figure 3-8A).  
However, it altered relative fluorescence intensity after injury, corresponding to a steeper 
negative slope compared to control (Figure 3-8B).  These data indicate P2X7 specifically 
alters the wound-induced Ca2+ wave and the duration may affect downstream signaling. 
 
Effect of P2X7 inhibition on cytoskeletal proteins 
 Wound-induced Ca2+ waves activate downstream signaling cascades that stimulate 
cytoskeletal rearrangements and promote migration.  P2X7 signaling has been shown in 
lung epithelial cells to be upstream of focal adhesion formation (Henríquez et al., 2011).  
We therefore analyzed whether inhibition of P2X7 in corneal epithelial cells altered focal 
adhesion formation after injury.  Cultures were incubated in the presence or absence of  
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Figure 3-5: Oxidized ATP inhibits P2X7-mediated calcium dynamics in corneal 
epithelial cells. 
Cells were washed in HBS, incubated with Fluo-3AM, and washed to remove excess dye.  
Basal fluorescence levels were collected for 50 frames prior to agonist stimulation.  A: 
Pseudocolored representative images using a six-color intensity scale show the response 
of cells to BzATP stimulation after preincubation with P2X7 inhibitors. Cells were 
preincubated in the presence or absence of 100 μM oxATP or 10 μM A438079 for 1 hour 
and stimulated with 30 μM BzATP at indicated times.  B: Relative fluorescence intensity 
before and after stimulation in the presence or absence of inhibitors.  Images were 
collected with a LSM 510 confocal microscope (20x, NA = 0.8) and analyzed using 
FIJI/ImageJ.  Scale bar = 50μm.  Data are representative of 4 independent experiments. 
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Figure 3-6: Oxidized ATP specifically inhibits P2X7-induced calcium mobilization. 
Oxidized ATP affects the BzATP-, but not UTP- or ADP-, mediated calcium 
mobilization.  HCLE cells were treated as in Figure 3-5. Peak fluorescence relative to 
control is graphed. Images were collected with a LSM 510 confocal microscope (20x, 
NA = 0.8) and analyzed using FIJI/ImageJ.  Error bars are ± S.E.M. (t-test; ***p < 
0.005).  Scale bar = 50μm.  N = 4 independent experiments. 
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Figure 3-8: Oxidized ATP inhibits P2X7-mediated calcium dynamics in corneal 
epithelial cells. 
A:  Distance of Ca2+ mobilization from wound margin over time.  B: Relative 
fluorescence intensity of Ca2+ wave measured in cells in the field indicated by brackets 
over time. Analysis was performed using FIJI/ImageJ (NIH).  N = 3 independent 
experiments. 
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oxATP and scratch-wounded cells were stained for vinculin, a focal adhesion protein that 
is upregulated in wounded corneal epithelium (Zieske et al., 1989).  Vinculin-containing 
focal adhesions were evident at the wound margin as well as along lateral cell membranes 
in control cultures.  In contrast, they were prominent only at the wound margin in treated 
cultures (Figure 3-9A).  Quantification of entire fields revealed a net decrease in focal 
adhesion clusters in the presence of oxATP (Figure 3-9B).  At higher magnification, 
vinculin was more clearly detected in focal adhesions at the wound margin in oxATP-
treated cells, but was absent from the wound margin in control cells (Figure 3-10).  In 
addition, control cells exhibited extensive lamellipodial projections compared to those 
treated with oxATP. 
 To understand the change in cytoskeletal rearrangement that occurs with inhibition of 
P2X7, we observed membrane ruffling in live cells (Figure 3-11).  Epithelial cells 
expressing actin-GFP were cultured in the presence or absence of oxATP, scratch 
wounded, and imaged over time.  Continuous membrane ruffling was observed in both 
cultures, but the oxATP-treated cultures displayed less “searching” or “orienting” 
behavior. In addition, there was a trend for actin filaments to remain parallel to the 
leading edge, which may contribute to the relatively flat wound margin (Figure 3-11A).  
Cell tracings (Figure 3-11B) corroborated the decreased ruffling and impaired migration 
seen in Figure 3-4.  Cell migration as calculated from tracings show a significant 
decrease in oxATP-treated cultures compared with control at 3 and 4 hours after injury 
(Figure 3-11C).  Together, these data show P2X7 is necessary for proper cytoskeletal 
rearrangements in response to injury. 
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Figure 3-9: Inactivation of P2X7 alters focal adhesion clusters. 
Confluent HCLE cells were preincubated with or without 100 μM oxATP for 1 hour, 
scratch wounded, and incubated for 8 hours.  Cells were fixed after 8 hours and stained 
for vinculin.  Vinculin-containing focal adhesion clusters were quantified using 
FIJI/ImageJ by measuring particles of a thresholded area.  A: Representative low 
magnification images of vinculin localization. (20x, NA=0.8).  B: Focal adhesion number 
was quantitated in control and oxATP (one-tailed t-test; *p < 0.05).  Scale bars = 50 μm.  
N = 4 independent experiments.  
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Figure 3-10: Inactivation of P2X7 alters localization of vinculin. 
Representative high magnification images show vinculin localization and actin filament 
organization in cells at wound edge. (63x, NA=1.4).  Data are representative of 4 
independent experiments.  Scale bars = 50 μm. !  
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Figure 3-11: P2X7 mediates membrane ruffling after injury. 
Confluent HCLE cells expressing actin-GFP in the presence or absence of oxATP were 
scratch-wounded and monitored in an environmental chamber mounted on a LSM 510 
and imaged for 4 hours.  Images were taken at 2.5 Airy units. A: Representative cells are 
shown at three time points after injury.  Images were collected by Gregory Teicher, 
Department of Graduate Medical Sciences, Boston University School of Medicine, and 
are used with permission.  B: Color-coded tracings of leading edges over a period of 4 
hours in the presence or absence of oxATP.  Note highly directional protrusions in 
control compared to oxATP-treated cultures.  Data are representative of a minimum of 4 
independent experiments.  Scale bar = 20 μm.  C: Tracings were quantified in Adobe 
Photoshop and FIJI/ImageJ to measure migration rate (two-way ANOVA; **p < 0.01). 
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3-3: Discussion 
 P2X7 plays a pro-migratory role in corneal epithelium and other cells (Mankus et al., 
2011), but its role in the overall purinergic wound response and mechanism of action was 
not well understood.  Our findings demonstrated that P2X7 plays a pivotal role in the 
purinergic wound response, including its localization pattern in wounded and unwounded 
corneal epithelium (Figure 3-1).  The presence of P2X7 at the leading edge suggests that 
it is vital for proper migration after injury. 
 An important early event in cell migration is the propagation of intracellular Ca2+ 
waves (Klepeis et al., 2001).  However, the role of P2X7 in wound-induced Ca2+ 
dynamics is unknown.  To examine the role of P2X7 in Ca2+ dynamics as well as other 
possible mechanisms affecting cell migration, we used a corneal epithelial cell line 
previously shown to exhibit Ca2+ mobilization in a manner similar to primary corneal 
epithelial cells (Boucher et al., 2010; Gipson et al., 2003).  Our data showed that oxATP 
treatment caused a rapid decrease in cytoplasmic Ca2+ levels after injury, though it did not 
significantly alter the intracellular Ca2+ peak, nor did it significantly reduce the distance 
of the Ca2+ wave (Figure 3-7, 3-8).  These data indicate that P2X7 involved Ca2+ signaling 
that promotes cell migration. 
 Focal adhesion complexes are essential for cell movement and migration because 
they link the cytoskeleton to the underlying matrix (Jockusch et al., 1995; Mitra et al., 
2005).  In addition, evidence suggests that formation of focal adhesions via 
mechanosensory receptors are linked to Ca2+ signaling (Kobayashi and Sokabe, 2010).  
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Previously, our lab showed that the process of cell adhesion and phosphorylation of focal 
adhesion proteins was Ca2+-dependent (Trinkaus-Randall et al., 2000).  More recently, it 
was demonstrated that P2X7-dependent Ca2+ signaling is necessary for focal adhesion 
formation and migration in astrocytes (Henríquez et al., 2011).  Our data showed that 
oxATP-treated cultures formed fewer focal adhesions than control.  The adhesions were 
concentrated along the wound margin in oxATP-treated cultures but absent in control 
wound margins.  These suggest that P2X7 activation is associated with proper focal 
adhesion regulation during corneal epithelial cell migration. 
 To understand differences that might explain the impaired cell migration in oxATP-
treated cultures, we examined features of membrane ruffling in live cells (Figure 3-11).  
There was a marked decrease in membrane ruffling at the wound margin in oxATP-
treated cells that was accompanied by actin filaments that ran parallel to the leading edge 
of the cell.  This was in contrast to the dynamic changes that occurred in the control cells. 
Therefore it is possible that P2X7 activation mediates changes in actin cytoskeletal 
organization and membrane ruffling, this would lead to the decrease in focal adhesion 
complexes. 
 Our results demonstrate the importance of P2X7 in Ca2+ mobilization after injury, in 
focal adhesion formation and cytoskeletal dynamics, and in the overall migratory 
response to injury in corneal epithelial cells.  Interestingly, P2X7 is a cancer cell marker 
(Di Virgilio et al., 2009), and studies have shown that P2X7 activation increases 
invasiveness and migration of cancer cells (Jelassi et al., 2011; Tafani et al., 2011; Takai 
et al., 2012; 2014).  In addition, oxidized ATP has been used as an anti-tumorigenic agent 
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(Seki, 2012).  Our results further support the role of P2X7 as a promoter of cell 
migration, suggesting that it can be a mediator of pathologic migration and invasiveness. 
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CHAPTER FOUR: P2X7 Expression and Localization is Altered in Stratified 
Epithelium 
 
4-1: Introduction 
 Previously, P2X7 was shown to be expressed in the corneal epithelium and to be an 
important factor in cell migration using a combination of organ culture and cell culture.  
The goal of these studies was to develop a stratified cell culture model to examine the 
role of P2X7 in differentiation and stratified cell migration.  Our results show that 
stratified cell cultures express proliferative and differentiation markers similar to intact 
corneas.  We also demonstrated that markers in wounded cultures correlated with ex vivo 
changes.  P2X7 expression and localization is altered as cells stratify, as well as after 
injury. Furthermore, inhibition of P2X7 with oxidized ATP results in delayed wound 
healing similar to that shown in Chapter 3 (Figure 3-2, Figure 3-3).  Our data suggest that 
our stratified cell culture mimic in vivo wound healing and allow for an in vitro study of 
P2X7 function. 
 
4-2: Results 
Stratification and Differentiation of HCLE cells 
 To determine the efficacy of the stratified culture model, we compared proliferative 
and differentiation markers with those present in intact corneas and confluent HCLE 
monolayer cultures.  Cells were cultured until confluent (approximately 4 days) and then 
switched to “stratification media” containing 1.6 mM EGF for 7 days (Figure 4-1).  
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Cultures were analyzed for proliferative markers Ki67 (mRNA) or PCNA (protein) over 
time.  Both Ki67 mRNA (Figure 4-2A) and PCNA protein (Figure 4-2B) decreased over 
time as cells became more confluent and stratified.  Within 4 days after the change of 
media, there was a 10-fold decrease in Ki67 mRNA, and a 2-fold decrease in PCNA 
protein expression.  After 7 days of culture in stratification media, the cells showed a 
change in morphology (Figure 4-3) and stratified into 2-3 layers (Figure 4-5B). 
 The proliferative marker p63 was examined in human corneas and was expressed 
most highly in basal cells, with some wing cell expression (Figure 4-4).  As expected, the 
majority of confluent HCLE cells expressed p63 (Figure 4-5A).  However, in the 
stratified cultures, p63 was present in the basal cells but not in the apical cells (Figure 4-
5B).  The expression pattern in these stratified cells correlates with that seen in human 
corneas (Figure 4-4; Yang, 1998) and other stratified epithelial cells (Robertson et al., 
2008). 
 
P2X7 Expression and Function in Stratified HCLE cells 
 Previously we showed an increase in P2X7 mRNA as cells reach confluence (Mankus 
et al., 2011).  In these studies we analyzed P2X7 mRNA and protein over the course of 
stratification.  There was a similar increase in P2X7 mRNA as cells become confluent, 
but P2X7 mRNA decreased dramatically within 24 hours of exposure to stratification 
media (Figure 4-6A).  Interestingly, P2X7 protein levels remained high after stratification 
(Figure 4-6B). 
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Figure 4-1: Stratification of HCLE cells. 
HCLE cells were plated at 80-100 cells/mm2 on culture-treated plastic or FBS-coated 
transwell inserts.  Cells were grown to confluence in K-SFM media described in 
Materials and Methods.  Once confluent (around day 4), media was switched to 
“stratification media”, a DMEM:Ham’s F12 1:1 mix supplemented with 10% FBS and 
1.6 mM EGF.  Cells were stratified for 7 days after media switch, which was 11 days 
after plating. !  
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Figure 4-2: Stratification of HCLE cells leads to a decrease in proliferation markers. 
HCLE cells were plated and stratified as described, with media switch indicated (arrows).  
A. RNA was collected at indicated time points and relative expression of Ki67 mRNA 
was determined using the ΔΔCt method and 18S rRNA as a reference gene.  Error bars 
are ± S.E.M.  B. Protein was collected at indicated time points, resolved by SDS-PAGE 
(10%), and immunoblotted for PCNA.  Membranes were stripped and blotted for β-actin 
to determine relative expression. !  
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Figure 4-3: Morphology of stratified HCLE cells. 
HCLE cells were plated as described.  Confluent HCLE cells (in K-SFM) or stratified 
HCLE cells (in stratification media) were fixed in 4% paraformaldehyde and mounted on 
a LSM 510 confocal microscope (Zeiss).  Cells were images using phase contrast optics 
(20x objective, NA = 0.8).  Scale bar = 50 μm. 
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Figure 4-4: p63 expression in human corneas. 
Human corneas were fixed in 4% paraformaldehyde and stained for p63.  Cross-section 
images were collected with a Zeiss LSM 700 confocal microscope (20x objective; NA = 
0.8).  Scale bar = 50 μm. 
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Figure 4-5: p63 expression is altered in stratified HCLE cells. 
Confluent HCLE cells or stratified HCLE cells were fixed in 4% paraformaldehyde and 
immunostained for p63.  Actin filaments were stained with rhodamine-conjugated 
phalloidin and nuclei were stained with DAPI.  A. Confluent HCLE cells were imaged on 
a LSM 700 confocal microscope (20x objective, NA = 0.8).  B. Stratified HCLE cells 
were imaged using thin optical sections (0.7μm each) to examine basal and apical cells in 
the same xy plane (63x objective, NA = 1.4).  Orthogonal xz plane is shown, with apical 
xy plane and basal xy plane from the same z-stack.  Scale bar = 50 μm. 
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Figure 4-6: P2X7 expression during stratification of HCLE cells. 
HCLE cells were plated and stratified as described, with media switch indicated (arrows).  
A: RNA was collected at indicated time points, and relative expression of P2X7 mRNA 
was determined using the ΔΔCt method using 18S rRNA as a reference gene.  B: Protein 
was collected at indicated time points, resolved by SDS-PAGE (10%), and 
immunoblotted for P2X7.  Full-length P2X7 resolved around 75 kDa.  Densitometric 
values of bands were determined by quantification of band intensity in FIJI/ImageJ and 
analysis in Excel. 
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 We also analyzed P2X7 localization in fixed confluent and stratified cells.  P2X7 was 
primarily intracellular in the confluent cells (Figure 4-7).  In the stratified cells, P2X7 
expression was elevated after 7 days but localization remained diffuse (Figure 4-7).  To 
see if a subpopulation of P2X7 localized to the membrane, we washed cells with low 
concentrations of detergent and sucrose before fixation to remove soluble protein and 
leave only cytoskeleton-associated proteins (Lee et al., 2014; Sazonova et al., 2011).  The 
use of “cytoskeletal buffer” (CSK) revealed expression along the plasma membrane in 
stratified HCLE cells (Figure 4-7 arrows).  These data suggest that P2X7 localization to 
the plasma membrane is associated with stratification and differentiation of cells. 
 We next analyzed the ability of P2X7 to form large dye-permeable pores in stratified 
cultures.  Previous studies have shown a lack of pore formation in confluent corneal 
epithelial cells (Mankus et al., 2011).  Here, we stimulated confluent or stratified HCLE 
cells with BzATP in the presence of TO-PRO-3, a 651 Da dye similar to YO-PRO-1, 
which is commonly used in pore formation assays (Donnelly-Roberts, 2003; Locovei et 
al., 2007; Pelegrin and Surprenant, 2006; Surprenant et al., 1996; Verhoef et al., 2003).  
As expected, stimulation of P2X7 in confluent cells did not result in TO-PRO-3 uptake 
(Figure 4-8A).  Dye uptake was observed however in some apical cells of the stratified 
cultures while it was excluded from basal cells (Figure 4-8B).  The dye uptake data 
correlate with the increased expression of P2X7, suggesting a phenotypic switch as the 
expression increases. 
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Figure 4-7: P2X7 localization is altered in stratified HCLE cells. 
Confluent and 7-day stratified HCLE cells were fixed with 4% paraformaldehyde.  For 
CSK treatment, stratified cells were washed with ice-cold cytoskeletal buffer (CSK) and 
then fixed with 4% paraformaldehyde.  Cells were immunostained with P2X7 and 
counterstained with rhodamine-conjugated phalloidin and DAPI.  Images were collected 
on a LSM 700 confocal microscope (20x objective, NA = 0.8).  Scale bar = 50 μm. 
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Figure 4-8: Dye uptake in apical stratified HCLE cells. 
Confluent or stratified HCLE cells were grown as described.  Cells were washed in HBS 
with 1 μM TO-PRO-3 in 0.1% DMSO prior to stimulation.  Live cells were mounted on 
an Axiovert 100 LSM 510 confocal microscope in an imaging chamber.  Basal 
fluorescence levels were collected for 50 frames.  Cells were then stimulated with 100 
μM BzATP for 15 minutes.  Images were taken at conclusion of stimulation.  A. 
Fluorescent images of confluent HCLE cells were overlayed on cells imaged in phase 
contrast (20x objective, NA = 0.8).  B. Stratified HCLE cells were imaged in basal and 
apical cell xy planes.  Fluorescent images were overlayed on cells imaged in phase 
contrast (20x objective, NA = 0.8).  Arrows indicate TO-PRO-3 uptake after BzATP 
stimulation.  Scale bar = 50 μm. 
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P2X7 Expression and Localization in Stratified HCLE Wound Healing 
 In order to determine if the stratified cell culture model could be used to study 
epithelial migration after injury, we wounded stratified HCLE cell cultures and measured 
wound closure.  Cultures were wounded with a 4 mm trephine to mimic ex vivo and in 
vivo injury models, and healed over the course of 48-72 hours (Figure 4-9).  We then 
analyzed P2X7 protein expression (by western blot) and localization (by 
immunofluorescence) after injury as described in Chapter 2.  For western blot analysis, 
we separated the post-wound cell populations into “migratory” cells near the wound edge 
and “peripheral” cells distal to the wound edge in a similar manner to rat corneas in 
Figure 3-1 (Figure 4-10A).  There was a decrease in P2X7 after injury in the migratory 
cells (Figure 4-10B), similar to results from a rat corneal organ culture injury model.  
Peripheral cells showed minimal change after injury.  In order to test the migratory 
phenotype of the cells, we probed for p15INK4b (p15), a cell cycle inhibitor shown to be 
upregulated after injury in corneal epithelium (Zieske, 2000).  Expression of p15 
increased in both cell populations after injury.  These results correlated positively with 
those obtained in injured rat cornea (Figure 3-1). 
 To determine the role of P2X7 in stratified cell wound healing, we wounded 
stratified HCLE cells in the presence or absence of oxATP.  48 hours after injury, 
oxATP-treated cultures showed significantly less wound closure than control cultures. 
(Figure 4-11).  To analyze P2X7 localization at the migrating wound edge, cultures were  
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Figure 4-9: Wound healing in stratified HCLE cells. 
HCLE cells were plated and stratified as described on FBS-coated transwell inserts.  
Circular wounds were demarcated with a sterile 4 mm trephine, and the central cells were 
removed with sterile tweezers.  A. Images of cells at indicated times after injury were 
collected on a FSX-100 microscope (10x objective, NA = 0.6).  Images were stitched 
together using CellSens software.  Scale bar = 1 mm.  B. Wound size was quantified 
using FIJI/ImageJ and analyzed in Excel.  
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Figure 4-10: P2X7 protein expression is altered after injury in stratified HCLE cells. 
Stratified HCLE cells were cultured and wounded as described.  A. Cells were separated 
into “migrating” and “peripheral” cell populations 48 hours after injury by demarcating 
the original wound size (indicated by dotted white circle).  Scale bar = 1 mm.  B. Protein 
from cell populations from A was extracted, resolved by SDS-PAGE (10%), and 
immunoblotted for P2X7 and p15.  Membranes were stripped and blotted for β-actin to 
determine relative expression.  Relative expression of P2X7/β-actin was determined by 
quantification of band intensity in FIJI/ImageJ and analysis in Excel. 
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Figure 4-11: Inhibition of P2X7 delays wound healing in stratified HCLE cells. 
Stratified HCLE cells were cultured as described.  Cells were preincubated with or 
without 10 μM oxATP for 1 hour, then wounded with a circular trephine.  A. Images 
were taken at indicated times after injury with a FSX-100 microscope and stitched 
together with CellSens software.  Scale bar = 1 mm.  B. Wound sizes 48 hours after 
injury were measured using FIJI/ImageJ and analyzed with Excel.  Error bars are ± 
S.E.M. 
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incubated in the presence or absence of oxATP were fixed 48 hours after injury.  P2X7 
was localized to the wound edge after injury in the stratified cells (Figure 4-12, arrows).  
However, P2X7 did not localize to the wound edge in oxATP-treated cultures.  These 
data are similar to localization patterns in trephine-wounded rat organ cultured corneas 
(Figure 3-2; Figure 3-3).  Overall, these data demonstrate that the P2X7 expression and 
localization in stratified HCLE cells, before and after injury, correlate with organ cultured 
corneal epithelium. 
 
4-3: Discussion 
 These data demonstrate the importance in developing culture model systems that 
mimic the intact tissue.  In stratified HCLE cultures, a number of markers of proliferation 
and differentiation are similar to in vivo or ex vivo corneas.  The low expression of Ki67 
mRNA (Figure 4-2A) and PCNA (Figure 4-2B), as well as the basal expression of p63 
(Figure 4-3) in stratified cells correlate with expression profiles in corneal epithelial cells 
in vivo (Senoo et al., 2007).  In addition, the presence of p63 in basal cells and absence in 
the more apical cells (Figure 4-3) mimics the localized expression of p63 in vivo (Figure 
4-4; (Yang et al., 1998).  These data validate the use of the stratified cell culture model 
for our studies.  We propose that these stratified culture models may be crucial in 
studying proteins and processes that are altered as cells differentiate. 
 For our studies it was important to demonstrate that the stratified cultures would heal 
after injury similar to organ cultured corneas.  The wounds were made with a trephine to  
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allow comparison with studies of corneal epithelial wound healing ex vivo and in vivo.  
Our results demonstrate that the model can be used in wound healing studies (Figure 4-
9).  Interestingly, studies have shown that actin reorganization and cell motility is altered 
depending on the shape of the wound.  Concave wounds, like those in our stratified cell 
cultures, healed after forming long actin “purse-string” fibers that spanned several cells at 
the leading edge, while linear wounds, like those in confluent HCLE monolayers, healed 
with more typical lamellipodia- and filipodia-driven crawling (Anon et al., 2012). 
 To determine the regulation of P2X7 in wound healing in a stratified model, we first 
examined expression as confluent cells were stratified.  We found that P2X7 protein 
levels in stratified cells were higher than those in confluent monolayer cells (Figure 4-
6B).  In addition, a subpopulation of P2X7 localized to the plasma membrane after 
stratification, which was similar to localization seen in organ-cultured corneas (Figure 4-
7; Figure 3-2).  Surprisingly, however, P2X7 mRNA levels decreased dramatically when 
cells were incubated in stratification media, and remained low in stratified cells after 7 
days (Figure 4-6A).  An analysis of P2X7 mRNA stability showed that there was no 
change between the two culture models (data not shown).  These data indicate that 
emphasis should be placed on protein expression.  The increase in P2X7 as cells stratify 
may suggest regulation of P2X7 in the developing cornea or in later stages of wound 
healing (after epithelial closure) when cells restratify. 
 One of the major differences between stratified HCLE cells and confluent monolayers 
was the ability of apical cells in stratified culture to take up large fluorescent dye after 
BzATP treatment (Figure 4-8).  In contrast, the monolayer cultures showed no detectable 
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uptake of large molecules (Figure 4-8; (Mankus et al., 2011).  One interpretation of the 
dye uptake in stratified cells is an increased expression of P2X7 protein leads to a 
phenotypic change.  Another interpretation is that apical cells in human cornea undergo 
apoptotic signaling before being sloughed off into tear fluid by the shear force of 
blinking.  The cell membranes may be more permeable in the apical cells of stratified 
epithelia. 
 Using the stratified model, we demonstrated that the change in P2X7 regulation and 
localization after injury is similar to that seen in healing organ cultured epithelium.  P2X7 
localizes to the plasma membrane (Figure 4-7), and after injury is localized at the wound 
margin (Figure 4-12).  These data support the use of a stratified model in study of P2X7 
translocation after injury in the corneal epithelium.  In addition, the localization to the 
wound margin could be inhibited by oxATP, as demonstrated in the organ culture model 
in Chapter 3.  The signaling pathway(s) involved in this translocation will be the focus of 
future studies. 
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CHAPTER FIVE: Preliminary Studies on P2X7 Expression in Diabetes and 
Diabetic Animal Models 
 
5-1: Introduction 
 Type 2 diabetes (T2D) is one of the most common diseases in the world today, and its 
prevalence is rapidly increasing (Patlak, 2002).  T2D patients display delayed epithelial 
wound repair and run an increased risk of developing pathologies such as diabetic 
keratopathy, recurrent corneal erosion, and corneal ulcers(Friend and Thoft, 1984; Friend 
et al., 1982; Schultz et al., 1981).  In addition, T2D patients are at an increased risk of 
complications from vitrectomies, refractive surgeries such as LASIK, or corneal 
transplantation, making these procedures difficult if not unavailable for them (Brightbill 
et al., 1978; Foulks et al., 1979; Perry et al., 1978).  Therefore, determining which factors 
contribute to pathologic wound healing is an important step in developing targets for 
therapy and potentially alleviating complications from diabetes. 
 Previous studies have shown elevated P2X7 activity in diabetic skin fibroblasts 
(Solini, 2004).  In addition, our lab demonstrated that P2X7 mRNA levels were 
significantly increased in diabetic human corneas (Mankus et al., 2011); (Figure 5-1).  To 
further characterize P2X7 in diabetes and determine if it is a causative factor in diabetic 
wound healing, we used diet-induced obesity mouse model that is based on a high fat diet 
and is a pre-diabetic model for type 2 diabetes.  In these preliminary studies, we observed 
that wound healing is delayed and P2X7 mRNA was significantly elevated in the corneal 
epithelium of diet-induced obese (DIO) mice.  In addition, P2X7 localization in wounded  
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Figure 5-1: P2X7 mRNA is elevated in human diabetic corneas. 
Human diabetic and age-matched control donor eyes were purchased from National 
Disease Research Interchange (NDRI, Philadelphia, PA).  Central corneal buttons were 
cut out with an 8.25-mm trephine, epithelium removed and tissue immediately frozen in 
liquid nitrogen and RNA isolated. A total of 12 corneas were used (6 non-diabetic, mean 
age 69y and 6 diabetic, mean age 75y).  P2X7 expression was determined by real-time 
quantitative PCR using Taqman probes (ABI).  Figure is adapted from Mankus et al. 
(2011). 
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DIO mice appeared to be diffuse in comparison to the controls.  To explore expression of 
P2X7 in other diabetic models, we examined P2X7 mRNA and P2X7 protein in corneas 
of streptozotocin (STZ)-treated rats (a type 1 diabetic model).  P2X7 expression was 
elevated in the corneas of STZ-treated rats, similar to that seen in diabetic humans and 
DIO mice.  These data support further studies to examine the role of P2X7 in corneal 
wound healing using diabetic models. 
 
5-2: Results 
 Our previous studies showed a significant 3.5-fold increase in P2X7 expression in 
diabetic corneal epithelium compared with control (Mankus et al., 2011); (Figure 5-1).  In 
order to further study the consequences of elevated P2X7 in diabetes, we used a diet-
induced obesity (DIO) model of type 2 diabetes in mice. 
 We determined the wound healing rate by measuring wound closure up to 8 hours 
after injury in 28 week-old DIO and control mice.  Our preliminary data show that after 2 
hours there was a detectable difference in wound closure in DIO corneas as compared to 
control, and that the difference increased at 4 hours (Figure 5-2).  In addition, DIO mouse 
corneal epithelial cells showed an 11-fold increase in P2X7 mRNA over control cells 
(Figure 5-3), which was consistent with the elevated levels in human diabetic corneal 
epithelium (Figure 5-1). 
 We then examined P2X7 localization after injury.  Previously, we showed that P2X7 
in rat corneas and stratified cell cultures is localized at the edge of the migrating 
epithelium compared with unwounded, and we hypothesized that the localization to the  
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Figure 5-2: Wound healing is delayed in diet-induced obesity (DIO) mice. 
28 week-old DIO C57BL/6 mice and age-matched controls were purchased from Jackson 
Laboratories and euthanized.  Epithelial debridements were made by removing the 
epithelium within a 1.5 mm-diameter circle as demarcated by a trephine.  Wounded 
corneas were organ cultured and wounds were visualized at indicated times with 1% 
methylene blue staining.  Images were captured with an Olympus CCD camera attached 
to a dissection microscope.  Wound sizes were quantified using FIJI/ImageJ and analyzed 
in Excel.  N = 4 eyes for treatment. 
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Figure 5-3: P2X7 mRNA expression is increased in DIO mice. 
28 week-old DIO C57BL/6 mice and age-matched controls were purchased from Jackson 
Laboratories and euthanized.  Epithelium from the center corneas was removed and 
pooled.  RNA was isolated and quantitative PCR was performed with a mouse Taqman 
P2X7 probe (ABI).  Data were analyzed using the ΔΔCt method using 18S rRNA as a 
reference gene.  N = 4 eyes per treatment. 
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leading edge may be an important event in wound healing (Figure 3-2, Figure 3-3).  
Therefore, we asked if P2X7 localization was altered in migrating diabetic corneal 
epithelium.  Our results show that P2X7 is not well defined in the epithelium compared to 
controls (Figure 5-4). 
 To examine changes in other corneal pathologies, we analyzed P2X7 mRNA from 
rats treated with streptozotocin, which kills pancreatic β-cells and models type 1 diabetes.  
We found that streptozotocin-treated rats showed a significant 6-fold increase in P2X7 
expression over control in the unwounded cornea (Figure 5-5A).  We analyzed P2X7 
localization in fixed corneal epithelium and found higher overall P2X7 staining as well as 
more diffuse staining in the STZ rats as compared with controls (Figure 5-5B). 
 
5-3: Discussion 
 In order to study the role of P2X7 in delayed wound healing in both type 1 and type 2 
diabetes, we employed several animal models of the disease.  We show preliminary data 
that wound healing is indeed delayed in these models ex vivo (Figure 5-2).  These data 
support previous findings that corneal wound healing is delayed in streptozotocin-treated 
rats and DIO mice. 
 We analyzed P2X7 expression in these models for the first time, and found P2X7 
mRNA expression is increased in unwounded corneas (Figure 5-3, Figure 5-5A).  These 
data agree with previous findings that P2X7 mRNA is increased in human diabetic 
corneas (Mankus et al., 2011); (Figure 5-1).  It will be important to determine the effects 
of elevated P2X7 mRNA on P2X7 regulation after injury.  Future studies should  
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Figure 5-4: P2X7 localization after injury in DIO mouse corneal epithelium. 
28 week-old DIO C57BL/6 mice and age-matched controls were purchased from Jackson 
Laboratories and euthanized.  Epithelial debridements were made by removing the 
epithelium within a 1.5 mm-diameter circle as demarked by a trephine.  Wounded 
corneas were organ cultured for 8 hours then fixed in 4% paraformaldehyde.  Corneas 
were cut into radial sections and immunostained for P2X7.  Images were collected on a 
LSM 700 confocal microscope (20x objective, NA = 0.8).  Asterisks indicate wound 
edge.  Scale bar = 50μm.  Images are representative of 4 eyes per treatment. 
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Figure 5-5: P2X7 in streptozotocin-treated (STZ) rats. 
10-12 week-old rats received an intraperitoneal injection of 50 mg/kg body weight 
streptozotocin for 5 consecutive days.  A: RNA from streptozotocin-treated and control 
rat corneas was isolated, and P2X7 mRNA levels were determined by quantitative PCR 
using verified rat Taqman probes (ABI).  Data were analyzed using the ΔΔCt method 
using 18S rRNA as a reference gene.  N = 3 eyes per treatment.  B: STZ and control rat 
corneas were fixed in 4% paraformaldehyde, cut into radial sections, and immunostained 
for P2X7 as described.  Images were collected on a LSM 700 confocal microscope (40x 
objective, NA = 1.3).  Scale bar = 50μm.  Images are representative of 3 eyes per 
treatment. 
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determine if P2X7 mRNA decreases after injury as we have shown in normal rats (Figure 
3-1), to a lesser degree, or if the direction of regulation is altered entirely in diabetic 
rodent models. 
 In addition, it is important to determine the regulation of P2X7 protein expression 
after injury.  Immunofluorescent studies (Figure 5-4; Figure 5-5B) suggest P2X7 protein 
is increased in diabetic models compared with normal rodents, or at least unchanged.  As 
previous findings have shown that P2X7 mRNA levels may not correlate with protein 
levels (Figure 4-6), it is important to determine each of these levels independently. 
 Finally, the change in P2X7 localization after injury may play an important role in 
corneal epithelial wound healing.  In Chapter 3 we showed that after injury, P2X7 
became more localized at the leading edge of the migrating epithelium (Figure 3-1D).  
Inhibition of P2X7 blocked the change after injury (Figure 3-2) and delayed wound 
repair, suggesting that the change in localization is an important step in the wound 
response.  Preliminary studies show that P2X7 localization is altered in diabetic rodent 
models, both in unwounded corneas and corneal epithelium after injury (Figure 5-4; 
Figure 5-5B).  Future studies should determine more specifically the nature of the altered 
localization.  It may be that a lower percentage of P2X7 is localized to the plasma 
membrane of diabetic corneas.  If so, the post-wound P2X7 localization would logically 
be altered.  If the mechanism of the altered localization in determined, it may be 
interesting to see if restoring the normal plasma membrane localization increased 
migration after injury in these models. 
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 Interestingly, a recent study showed an increase in P2X7 mRNA in peripheral bone 
monocyte cells (PBMCs) of type 2 diabetes patients as compared with control patients 
(García-Hernández et al., 2011).  The authors showed that there was no change in P2X7 
function as measured by CD62L shedding and IL-1β secretion.  These results suggest that 
the altered P2X7 signaling in diabetic patients is not related to inflammation.  Therefore, 
future studies in the diabetic corneal epithelium should analyze P2X7 signaling such as 
calcium dynamics, and cytoskeletal reorganization.  These studies further demonstrate the 
importance of a cell culture model of the diabetic corneal epithelium. 
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CHAPTER SIX: Discussion and Perspectives on Future Research 
 
6-1: Summary 
 Previous studies in our lab demonstrated that corneal epithelial cells expressed P2X7 
and that stimulation of the receptor could increase migration (Mankus et al., 2011).  In 
addition, previous studies reported that P2X7-/- mice exhibited aberrant epithelial wound 
healing (Mayo et al., 2008).  In these studies, we have investigated the role of P2X7 in 
corneal epithelial injury repair and shown for the first time that inhibition of P2X7 can 
delay epithelial wound healing in both ex vivo and in vitro models (Figure 3-1; Figure 3-
3).  We found that P2X7 inhibition altered the duration of the intercellular calcium wave 
as well as the number and distribution of focal adhesions.  In addition, we showed that 
P2X7 plays a role in actin reorganization after injury, as oxATP treatment led to thicker 
actin bundles and altered ruffling.  We also developed an in vitro stratified culture model 
and showed that the localization of P2X7 mimicked the organ-cultured corneas before 
and after injury.  Our results suggest this model may be useful in studying regulation of 
P2X7 localization in stratified epithelium as well as after injury.  Finally, we examined 
P2X7 in diabetic disease models, and show in preliminary studies that elevated P2X7 
levels are correlated with altered P2X7 localization and delayed epithelial migration.  
This chapter will discuss the implications of these findings and examine questions for 
future research. 
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6-2: Function of P2X7 after injury in the corneal epithelium 
Intercellular calcium waves: comparison of P2X7 to P2Y2 in the immediate response to 
injury 
 One of the major questions this work has addressed is the role of P2X7 in the overall 
wound-induced calcium response.  In chapter 3, we showed that inhibition of P2X7 
altered the duration of the elevated intracellular calcium, but did not significantly alter the 
distance of the wound-induced intercellular wave, nor the peak intracellular calcium 
levels (Figure 3-8).  Previous studies in our lab have shown that knockdown of P2Y2, a 
GPCR that releases intracellular calcium, blocks the calcium wave in all but the cells 
adjacent to the wound (Klepeis et al., 2001; Lee et al., 2014; Weinger et al., 2005).  In 
addition, these studies demonstrated that depletion of intracellular calcium stores by 
BAPTA or thapsigargin treatment resulted in a complete loss of the wound-induced 
calcium wave.  However, when extracellular calcium was depleted, there was no 
detectable change in the wound-induced wave.  The conclusion of these studies was that 
P2X channels, such as P2X7, did not play a significant role in the wound-induced 
intercellular calcium wave, but only in the calcium influx in cells adjacent to the wound 
itself. 
 Our data shed new light on these findings.  The results show that P2X7 contributes to 
the intercellular calcium wave and increases the duration of the intracellular calcium rise, 
suggesting P2X7 may affect calcium-dependent signaling after injury.  These effects 
suggest that P2X7 plays a role in the wound-induced calcium wave not just as an ion 
channel, but by releasing ATP to stimulate autocrine and paracrine signaling of P2 
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receptors.  Previous studies showed that P2X7 is required for ATP release and 
propagation of intercellular calcium after TGFβ stimulation (Henríquez et al., 2011).  We 
propose that the major role of P2X7 in intercellular calcium waves may be the release of 
ATP to activate P2Y2 receptors, which stimulate the IP3-mediated release of ER and SR 
calcium stores (Figure 6-1).  P2Y2, in addition to propagating intercellular calcium, 
causes the cleavage of membrane-bound HB-EGF and the release of free EGF to activate 
EGF receptors (Boucher et al., 2007).  EGF receptors are important in cell migration after 
injury and are necessary for proper wound healing (Block et al., 2004; Yin et al., 2007).  
It would be interesting to see the effects of P2X7 inhibition or knockdown on wound-
induced EGF release or EGFR activation. 
 In addition, pannexin-1 may be required for P2X7-dependent ATP release in corneal 
epithelial cells (Figure 6-1).  We previously showed that P2X7 associated with pannexin-
1 in vitro (Mankus et al., 2011).  If pannexin-1 is required for ATP release in corneal 
epithelium after injury, then pannexin-specific inhibitors should have similar effects on 
wound-induced calcium and wound healing as observed with P2X7 inhibitors.  To 
address the role of pannexin-1 with P2X7 in wound-induced calcium and wound-induced 
ATP release, studies should measure the effects of P2X7 inhibition or knockdown on 
ATP release after injury as well as pannexin-1 inhibition or knockdown on wound-
induced calcium and ATP release.  An important control will be the effect on pannexin-1 
inhibition on BzATP-stimulated calcium or BzATP-stimulated ATP release.  Another 
approach is to analyze the C-terminal domains of P2X7 responsible for pannexin-1  
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association or activation, and analyze the effects of P2X7 point mutations on ATP release 
and calcium waves.  In previous studies, determining whether connexins or pannexins are 
involved in ATP release in given processes has been difficult, however, and much is still 
unclear about the specific mechanisms of ATP release.  Many studies identifying either 
connexins or pannexins have been performed using small molecule inhibitors, such as 
carbenoxelone, heptanol, flufenamic acid, or glycerrhetinic acid (Evans and Boitano, 
2001; Leybaert and Sanderson, 2012).  These molecules can inhibit gap junctions (linked 
connexons on adjacent cells) or hemichannels (connexons or pannexons with no adjacent 
partner complex), and are not particularly specific to the protein composition of junctions 
or channels. 
 
P2X7 intracellular signaling 
 Our data show that inhibition of P2X7 alters focal adhesion number and distribution 
in migrating corneal epithelial cells, demonstrating that P2X7 is important in focal 
adhesion regulation during migration.  In addition, we showed that P2X7 was important 
for actin reorganization after injury.  We propose that P2X7 may signal through a variety 
of pathways to control actin reorganization and focal adhesion dynamics.  These include 
calcium-dependent pathways as well as calcium-independent pathways mediated via 
domains in the P2X7 C-terminal region.  Future studies will investigate signaling 
mechanisms downstream of P2X7 that control focal adhesions to gain a better 
understanding of nucleotide control on motility dynamics. 
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 Previous studies have shown P2X7 can activate Rho GTPases as inhibitors of the 
Rho-associated coiled-coiled kinase (ROCK) inhibit P2X7-stimulated membrane 
blebbing (Pfeiffer et al., 2004; Verhoef et al., 2003).  However, the exact Rho GTPase 
target of P2X7 and the mechanism of this activation remain unclear.  It will be important 
to perform live cell studies in order to assess dynamic changes in focal contacts.  Because 
our analysis of focal adhesion clusters was performed in fixed cells, it is difficult to say 
whether P2X7 affects formation, maturation, or release of focal adhesions.  However, our 
live cell imaging of actin dynamics suggest that P2X7 may act on focal adhesion release 
or actin filament disassembly, as inhibition of the receptor leads to thick, clustered actin 
bundles (Figure 3-11). 
 Both conventional and novel PKCs may play an important role in corneal wound 
healing as studies show knockdown of either PKCα or PKCε can lead to delayed cell 
migration in vitro and delayed corneal wound healing in organ culture (Sharma et al., 
2007; 2005).  In addition, our lab showed that ATP induced a significantly greater 
phosphorylation of PKCδ compared to EGF (Kehasse et al., 2013).  GF 109203X and 
genistein (selective PKC and general protein kinase inhibitor, respectively) both inhibited 
P2X7-mediated phospholipase D activation (Hung and Sun, 2002). P2X7 activation has 
been shown to induce PKC translocation independent of other P2 receptors.  
Furthermore, BzATP caused calcium-dependent translocation of PKCα, but UTP and low 
levels of ATP (10 μM) did not (Armstrong et al., 2009).  In lymphocytes, rottlerin, an 
inhibitor of novel PKC isoforms, inhibited impaired ATP-stimulated phospholipase D 
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(PLD) activation, indicating P2X7 may stimulate PLD through PKC through calcium-
independent signaling (Shemon et al., 2007). 
 Denlinger and colleagues showed P2X7 C-terminal motifs with homology to 
mycobacteria HMW3 and C. elegans C18H2.1 (Denlinger et al., 2001).  Both of these 
proteins are involved in cytoskeletal organization and adhesion recruitment in their 
organisms.  HMW3 is involved in attachment of adhesion proteins in mycobacteria 
(Krause, 1998).  C18H2.1 in C. elegans contains two ankyrin repeats, which are involved 
in cytoskeletal organization (Sedgwick and Smerdon, 1999).  The significance of these 
regions in humans has not been determined, but they offer intriguing possible 
mechanisms for P2X7-mediated cytoskeletal rearrangements. 
 
6-3: P2X7 Membrane Localization and Translocation 
 We showed, surprisingly, that P2X7 expression decreased after epithelial injury in 
organ-cultured corneas and corneal epithelial cells (Figure 3-1; Figure 4-5).  
Immunofluorescence analysis after injury, however, showed increased P2X7 at the 
wound edge in organ-cultured corneas and at the leading edge of epithelial cells in vitro 
(Figure 3-2; Figure 4-12).  Our interpretation of these studies was that the increased 
staining represented translocation of P2X7 to the plasma membrane in cells at the leading 
edge.  We also found inhibition of P2X7 by oxidized ATP prevented this change in 
localization after injury.  Together, these results suggest that P2X7 regulation of 
intracellular localization of P2X7 in the corneal epithelium before and after injury may be 
critical to its function. 
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 Since inhibiting P2X7 abolishes the post-injury localization pattern, it may be that a 
feed-forward mechanism exists where P2X7 activation stimulates translocation of more 
P2X7 receptors to the leading edge.  We propose a model where, after injury, P2X7 
mediates ATP release at the wound margin (Figure 6-2A).  There, ATP acts as an  
autocrine and paracrine signal that activates P2X7, stimulating the translocation of 
additional P2X7 from the intracellular pool.  In epithelium peripheral to the wound, there 
is no continual ATP release, and P2X7 remains localized in perinuclear regions (Figure 
6-2B). 
 In other cell types, localization of P2X7 has been shown to be controlled by N-linked 
glycosylation in its extracellular loop (Denlinger et al., 2003).  Additionally, P2X7 has 
been shown to be modified on its C-terminal region by the addition of a palmitoyl fatty 
acid (Gonnord et al., 2009).  These post-translational modifications could be examined in 
the corneal epithelium to determine if they are involved in P2X7 localization and 
translocation after injury. 
 
6-4: P2X7 in disease; upregulation of P2X7 
 Diabetes, especially type 2 diabetes, is a major public health concern.  One of the 
debilitating effects of diabetes is that patients experience delayed corneal epithelial 
wound healing.  This often leads to complications such as recurrent corneal erosion, 
diabetic keratopathy, corneal infection, or haze and loss of vision.  Our lab recently 
reported that P2X7 was elevated in human diabetic corneas (Mankus et al., 2011) (Figure 
5-1).  In chapter 5, we showed preliminary data  
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Figure 6-2: Proposed regulation of P2X7 in migrating corneal epithelium. 
A: At the migrating wound edge, ATP release stimulates P2X7 receptors in autocrine and 
paracrine manner.  Stimulation of P2X7 may promote translocation of additional P2X7 
from the perinuclear region to the plasma membrane.  B: Distal to the wound edge, P2X7 
remains localized in the perinuclear region. 
  
beendetectedinthebasalcellsofthelimbus,indicating
thattheselattercellsarerelativelyundifferentiated
(Schermeretal.,1986).Themonoclonalantibody
4G10.3reactswiththebasallayersofboththecorneal
andlimbalepitheliaduringthedevelopmentoftherat
until1.5weeksafterbirth,andthereafterrecognizesonly
basalcellsofthelimbus(Chungetal.,1992).Mechani-
callyorchemicallyinducedwoundingofthecorneal
epitheliuminadultratsresultedinatwofoldincrease
within2daysinthenumberofcellsthatstainedwiththe
4G10.3antibody(Zieskeetal.,1992).Theseresultsthus
supportthenotionthatthebasalcellsofthelimbusare
stemcellsthatserveasasourceofepithelialcellsin
corneasinwhichtheepitheliumhasbeendamaged.
Ifthelimbalstemcellsareintact,theclosureof
epithelialdefectsdependsonthebasalcellsofthe
cornea.However,ifthelimbusisdamaged,acondition
thatisreferredtoaslimbalstemcelldeficiencyensues.
Inthiscondition,whichdevelopsinindividualswith
Stevens–Johnsonsyndrome,ocularpemphigoidor
chemicalorthermalburnstothecornea,corneal
epithelialcellsfailtoresurfaceepithelialdefectsand
conjunctivalepithelialcellsmigrateoverthecornea.
Giventhatcoverageofthecornealsurfacebycon-
junctivalepithelialcellsisaccompaniedbyneovascular-
ization,itisimportanttodeterminewhetherornota
patienthaslimbalstemcelldeficiencyinordertochoose
themostsuitablemodeoftreatment.Inthisreview,we
consideronlyconditionsinwhichstemcellsforthe
cornealepitheliumareintact.
2.2.Morphologicalchangesduringcornealepithelial
woundhealing
Resurfacingofcornealepithelialdefectsoccursin
threephases:(1)Immediatelyafterwoundingof
epithelialcells,theneighboringintactepithelialcells
begintomigrateovertheaffectedareauntiltheycover
thedefectwithacellmonolayer.Activemovementof
epithelialcellsisthusimportantatthisstage.However,
nomitoticactivityhasbeendetectedintheneighboring
epithelialcellsatthewoundmargin(Hannaetal.,1961;
Hanna,1966;Cotsarelisetal.,1989;Lavkeretal.,1991),
aphenomenonknownasmitoticparalysis(Cavanagh
etal.,1978).Epithelialcellslocatedatagreaterdistance
fromthewounddobegintoundergomitosis,thereby
providingasupplyofnewepithelialcellsforthe
woundedarea(Mizukawaetal.,1963).(2)Afterthe
defecthasbeencoveredbythemonolayerofmigrated
epithelialcells,thecellsbegintoproliferate,withthe
increaseinthenumberofcellsresultinginrestorationof
thenormalepithelialthickness.Restorationofawell-
differentiatedstructure,however,isnotapparentatthis
stage.Rather,thesurfaceoftheepitheliumremains
disturbed.(3)Afewweeksafterwounding,theepithelial
cellsbegintodifferentiate,thesurfaceofthehealed
regionbecomessmooth,andawell-layeredstructureis
restored.Thethreephasesofcornealepithelialwound
healingarethuscharacterizedbycellmigration,cell
proliferation,andcelldifferentiation,respectively.
Thefirstphaseofcornealepithelialwoundhealing,
migrationofepithelialcellsovertheaffectedarea
requiresthatthemigratingcellsbothattachtothe
underlyingsubstrateandspreadoverit.Time-lapse,
phase-contrastcinematographyhasallowedvisualiza-
tionofmovementofthecornealepitheliumofratsin
situ(Murakamietal.,1992a).Twodifferenttypesof
epithelialmovementduringcoveringofthedenuded
areaofthecorneahavebeenobserved:Aninitialsliding
andrufflingofamonolayerofepithelialcells(sheet-like
movement),followedbyalandslide-likemassmovement
oftheepithelium(Fig.1).Duringthesheet-likemove-
ment,eachepithelialcellattheleadingedgespreads
overawideareabyextendingfan-shapedlamellipodia.
Thesubsequentmassmovementresultsincomplete
coverageofthedenudedareabythemigratingcells.
Thesecinematographicobservationsconfirmedthe
resultsofpreviouselectronmicroscopicstudiesof
cornealwoundhealing(MatsudaandSmelser,1973;
Kuwabaraetal.,1976).
Withregardtotheunderlyingmechanismsofcorneal
woundhealing,theseobservationssuggestthatoneof
thefirstresponsestoanabrasionordebridementisthe
detachmentofindividualepithelialcellsfromthe
remainingstratifiedepitheliumasaresultofalossof
adhesiontoadjacentcells.Oncefreedfromthe
remainingepithelialmass,thesecellsmigratewithactive
Fig.1.Twotypesofcornealepithelialmovementduringwound
repair.Epithelialabrasion(upperpanel)isfollowedbyaninitialsheet-
likemovementofindividualepithelialcells(middlepanel)anda
subsequentlandslide-likemovementoftheremainingepitheliumen
masse(lowerpanel).
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demonstrating that P2X7 is also elevated in a T2D mouse model as well as a T1D rat 
model.  These data suggest P2X7 could be a causative factor in delayed wound healing, 
and a possible target for therapy.  Future studies will address the effects of diabetes on 
the regulation of P2X7 after injury.  Two important questions concern the mechanism of 
P2X7 regulation in unwounded cells and the consequences of elevated P2X7 on the 
injury response and overall function. 
 
Upstream regulation controlling P2X7 expression 
 P2X7 has been shown to be transcriptionally upregulated in certain cancers as well as 
pathologies such as diabetes (Mankus et al. 2011); (Figure 5-3; Figure 5-5A).  However, 
factors that regulate P2X7 transcription are poorly understood.  Our data show 
differential levels of P2X7 protein in basal cells compared with wing and apical cells in 
ex vivo corneas (Figure 3-2), suggesting that proteins that are altered in stratified cells 
may regulate P2X7 expression.  Future studies should determine if potential upstream 
regulators are altered in diabetic rodent models to see if they cause the elevated P2X7 
levels.  For example, since p63 is a marker for basal cells and is associated with β4 
integrin expression (Carroll et al., 2006), it would be interesting to see if knockdown of 
p63 altered P2X7 expression. 
 
P2X7 is required for wound repair but overexpression delays wound repair 
 Previous studies as well as chapter 3 of this work have shown that knockdown or 
inhibition of P2X7 lead to altered migration and delayed wound healing.  However, data 
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presented in chapter 5 show that P2X7 is upregulated in diabetic patient as well as 
diabetic rodent models.  These data lead to the conclusions that P2X7 is necessary for 
proper wound healing, but also that continual overexpression of P2X7 can be detrimental 
for wound healing.  One possibility is that elevated P2X7 expression could lead to altered 
transcription, translation, or post-translational modifications that affect the localization of 
the receptor or the functionality of the channel within cells. 
 Another possibility is that P2X7 localization within the epithelium is important for 
proper migration.  P2X7 expression decreases after injury in the majority of the 
epithelium and increases only on the cells at the leading edge (Figure 3-2; Figure 4-12).  
Elevated P2X7 might promote motility in single cells but slower migration in epithelial 
sheets.  The elevated P2X7 expression seen in diabetic corneal epithelium would 
therefore lead to misregulation after injury. 
 
6-5: P2X7 in heterogeneous cell-cell interactions 
 An interesting question for future research would be to investigate the role of P2X7 in 
corneal neurons, stromal keratocytes, resident monocytes, or dendritic cells after injury.  
While this work focused on the role of P2X7 in the epithelium, the other cell types in the 
cornea have also been shown to play an important role in corneal wound repair (Gao et 
al., 2011; Oswald et al., 2012; Wilson et al., 2001).  The role of P2X7 in other corneal 
cell types may be particularly interesting, as P2X7 has been shown to be highly expressed 
in nerves and play a role in pain sensation and neuronal cell death. 
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6-6 Conclusions 
 Overall, these studies demonstrate the importance of the P2X7 purinergic receptor in 
the corneal epithelial wound response.  Our work shows that P2X7 plays a role in 
different stages of wound repair, in the initial calcium response to injury as well as the 
cell migration process during wound closure.  Insights gained into the healthy wound 
healing response will result in better treatments in pathological wound healing, and it 
may be that P2X7 itself is an ideal therapeutic target.  Future studies stemming from this 
work, using some of the models developed and used here, will further our understanding 
of the biology of corneal wound repair. 
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